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THE method of absorption spectrophotometry has been applied in a study 
of toxic and non-toxic filtrates of C. diphtheria for the purpose of determining 
if they may be differentiated by means of their spectra, and of discovering 
if there is any correlation between absorption of radiation by the culture 
filtrates and their biological activity. 


STUDIES OF TOXIN PRODUCED IN INFUSION-FREE PEPTONE MEDIA. 
Technical Details. 


Studies have been made of toxic and non-toxic culture filtrates prepared 
with toxigenic and non-toxigenic strains in media prepared with the least 
possible modification, and with toxigenic and non-toxigenic subcultures of the 
same strain in identical media. Strain No. 5—that is, the standard Park- 
Williams No. 8 diphtheria strain—toxigenic and non-toxigenic subcultures of 
strain No. 3203, as well as two other non-toxigenic strains, were used. 

The cultures were grown in infusion-free peptone media dispensed in 1- or 
2-litre Erlenmeyer flasks, with the ratio of the area of exposed surface in square 
centimetres to the total volume of medium in cubic centimetres about 0-58. 
This ratio was obtained with 200 c.c. of medium in the 1-litre and 300 c.c. in 
the 2-litre flasks. Some of these media were prepared in the routine manner ; 
some with decalcified peptone, with and without the addition of calcium 
chloride, and sterilized by filtration through a filter candle or by steam under 
pressure ; while in still others different carbohydrates were present—dextrose, 
“ difco ”, C.P. or Pfanstiehl’s technical maltose. In brief, this study is closely 
associated with earlier researches on the attenuation and toxin production of 
the diphtheria bacillus (Wadsworth and Wheeler, 1928, 1934), and we are 
indebted tb Miss Mary W. Wheeler for the preparations of the media and 
cultures. 
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Media and culture filtrates and their ether extracts were studied, some 
quantitatively and some qualitatively, for absorption in the visible and ultra- 
violet regions of the spectrum. Measurements of absorption in the visible 
range were made with a Hilger-Nutting spectrophotometer and a pointolite 
source of radiation ; those in the ultra-violet range were made with a Hilger 
E 316 quartz spectrograph, used in conjunction with a Hilger rotating sector 
photometer and a tungsten-steel condensed spark. 


The accuracy of the technique in the spectroscopic procedure was tested by a comparison of 
the curves for potassium chromate and copper sulphate obtained with the apparatus used in this 
investigation, with the standard curves for these substances recorded by von Halban and Siedentopf 
(1922), Réssler (1926), Fromherz (1928), Mecke and Ley (1924), and others. The agreement 
between the standard curves and ours was close. It was possible to join by a smooth line the 
curves obtained with the Hilger-Nutting spectrophotometer and with the Hilger quartz spectro- 
graph in the region which joins the visible and the ultraviolet ranges, and agreement was found 
between points obtained by the two methods. 


Tests were made in animals to determine the effect upon the potency of 
toxins of exposure to the sources of radiation. There was no demonstrable 
loss of toxicity in samples of unreduced toxin exposed to the radiation of the 
pointolite lamp and to the ultra-violet light of the tungsten-steel spark for the 
time required to make measurements. The times of exposure of the toxins 
to the radiation from the pointolite lamp and the tungsten-steel spark were 
of the order of 90 and 4 minutes respectively. A slight, but definite, loss of 
toxicity was demonstrated when the toxin was reduced with sodium hydro- 
sulphite (Na,S,0,) for from 14 to 3 hours, during which time it was exposed 
to the radiation of the pointolite lamp. 


The Visible Region of the Spectrum. 


Visual qualitative observations were made of a number of diphtheria filtrates 
and their medium controls, and several representative toxins were selected 
for quantitative spectrophotometric examination. No bands were observed 
in the spectra of the media, and their absorption curves were moderately 
smooth. As controls, three samples of media which had been kept under 
different conditions were examined throughout the visible and ultra-violet 
ranges of the spectrum from \ 6800 to 2250 A. One sample was stored in the 
ice-box at a temperature of from 3 to 5° C.; a second sample was incubated 
under the same conditions and at the same time as the cultures; and a 
third was incubated under the same conditions as the cultures and then filtered 
through a filter candle. No significant difference was found in the curves for 
media which were kept under these different conditions. 

In the spectra of the toxic filtrates of high potency there were three regions 
between A 6800 and 5100 A in which there were definite indications of selective 
absorption ; at about \ 5900 A, in the neighbourhood of A 5700 A, and at 
about \ 5370 A. Both media and toxins were also examined after reduction 
with what seemed to be the optimum amount of sodium hydrosulphite, as has 
been done by other workers, to reduce and, to some extent, decolorize a 
pigment which is produced during the cultivation of bacteria and which is 
productive of strong absorption in the visible range of the spectrum. This 
pigment masks absorption bands which are present in the spectrum of toxic 
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filtrates of C. diphtherie, and which are believed by other workers (F.C. Smith, 
1930 ; Coulter and Stone, 1931) to be due to porphyrins. 

The selective absorption of the potent toxins in the regions A 5700 and 
5370 A was made more pronounced when the masking pigment was reduced 
with sodium hydrosulphite, the band near \ 5370 A becoming sharp and strong. 
A band appeared. between \ 6000 and 6100 A, but the band near A 5900 A 
had disappeared. The filtrates of very low potency, in both the unreduced 
and reduced condition, produced no absorption bands between A 6800 and 


D1aGRaM 1.—Positions of visible absorption spectrum bands of culture filtrates of C. diphtheriz 
and of their ether extracts. 
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5100 A, or, at most, extremely faint ones. In no case was an absorption band 
visible to the eye in the region near \ 5000 A, although a few of the curves 
show irregularities in this neighbourhood. 

Ether extracts from most of the toxins were prepared according to the 
method of Hans Fischer (100 c.c. of toxin acidified with 10 c.c. of glacial acetic 
acid and extracted with 30 c.c. of ether) and examined visually for the positions 
of the absorption bands. For this purpose, in most cases, only first ether 
extracts from 100 c.c. amounts of toxin were examined in 20 cm. cells. The 
colour of the ether extracts from the potent toxins was a water-melon pink or 
of a salmon tint. The positions of all the bands which appeared in the spectra 
of these extracts are shown graphically in Diagram 1. The bands which 
appeared most frequently are indicated by the solid blocks, the width of the 
blocks representing the variation in the readings for the position of the maxima. 
The others, which appeared less frequently, are represented by shaded blocks. 
The mean positions and approximate widths of the bands found in whole 
toxin in the reduced state are’also shown on the chart. For purposes of 
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comparison, the values given by F. C. Smith (1930) and Coulter and Stone 
(1931) for the positions of absorption bands for ether extracts from culture 
filtrates of C. diphtheriw, which they have identified as bands belonging to the 


Disceam 2.—Microphotometric tracings of spectrograms in the visible region of ether extracts from 
culture filtrates of C. diphtherie of high and low potency. 


Upper curve: Filtrate prepared with toxigenic subculture of strain No. 3203. M.R.D. 
approximately 0°00,000,066 c.c.; L, 10/58 min. Lower curve: Filtrate prepared with 
non-toxigenic subculture of strain No. 3203. M.R.D. approximately 0°00,004 c.c.; no 
flovculation in tests for Ly values as low as 0-5. These filtrates were prepared in identical 
media (My, N,) and are designated as T; and N, in Diagram 3. The reference line spectrum 


is that of helium. 


porphyrin group, are also shown on the chart. Stone and Coulter (1932) have 
noted other bands in the blue region of the spectrum of acetic-acid-ether 
extracts of the whole bacteria, which they identified as belonging to lycopin, 
the red isomer of carotene. 

Ether extracts from filtrates of very low potency were either colourless to 
the eye, a pale yellow, or a pinkish yellow.’ They showed no bands in the 





SPECTROSCOPIC INVESTIGATION OF BACTERIAL TOXINS. 205 


visible region, or in one case only, an extremely faint one at about A 5680 A, 
when examined under the same conditions as prevailed in the study of the 
extracts from the toxic filtrates. 

A more exhaustive study was made of ether extracts from two filtrates— 
one of high, the other of low potency—which were prepared with a toxigenic 
and a non-toxigenic subculture of strain No. 3203 in identical media. The 
toxic filtrate had a flocculation titre of 10 in 58 minutes, and a minimal reacting 
dose (intracutaneous test in guinea-pig) of approximately 0-00,000,066 c.c. ; 
the non-toxic filtrate failed to flocculate in tests for Ly; values as low as 0-5, 
and its M.R.D. was approximately 0-00,004 c.c.. As in other cases, distinct 
bands appeared in the spectra of the first ether extract from the potent filtrate, 
and no band in that of the non-potent. It was only when three extractions 
had been made from 100 c.c. of the non-toxic filtrate, the extract concentrated 
to about 6 c.c. and examined—in a partially-filled cell—through a 20 cm. 
length of solution that a very faint band appeared near \ 5750 A. Ether 
extracts from these two filtrates were photographed with the Hilger-Nutting 
spectrophotometer, and records were made from the plate with a Zeiss photo- 
electrical recording microphotometer. The microphotometric records are 
shown in Diagram 2. The upper curve represents the absorption spectrum 
of the extract from the toxic filtrate, and the lower that from the non-toxic. 
The comparison line spectrum is that of helium. The indentation which appears 
in the microphotometric curve for the non-toxigenic filtrate between the helium 
lines A 4922 and 4713 A is due to an imperfection on the spectrogram. In 
each case, three extractions were made from 100 c.c. of filtrate, the pooled 
extract concentrated by evaporation at room temperature to 16 c.c.—the 
volume necessary to fill the cell completely—and the spectrum photographed 
through a 20-cm. length of solution. A toluidine-blue solution was used as a 
’ filter, but, in spite of this, the density of the plate in the red region was so great 
that the absorption band near \ 6230 A, in the spectrum of the extract from 
the toxic filtrate, showed only faintly on the microphotometric record. 

The method of extraction employed in this work appeared to destroy the 
toxin. No skin reactions were induced in guinea-pigs injected intracutaneously 
with the extracted pigment or with the filtrate neutralized after extraction. 
This extracted filtrate also failed to, flocculate with antitoxin. 

All the potent toxins and their ether extracts, regardless of the conditions 
under which they were prepared, showed definite, and sometimes strong, 
absorption bands, while the filtrates of very low potency and their ether 
extracts, in the concentrations studied, produced no bands, or, at most, one 
extremely faint one. Coulter and Stone (1931) found a relationship between 
the porphyrin content of toxins prepared in infusion media and the biological 
titre. 

The Ultra-violet Region of the Spectrum. 

Quantitative spectrophotometric curves were made of representative 
diphtheria toxins and their medium controls in the ultra-violet range of the 
spectrum. These materials were studied in the unreduced state, since addition 
of cysteine hydrochloride did not seem to change the shape of the curves. 
Sodium hydrosulphite was not used as a reducing agent because it is known 
to produce a strong absorption band in this region. 
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D1aGraM 3.—Ultraviolet absorption spectrum curves of culture filtrates of high and low potency 
from toxigenic and non-toxigenic strains of C. diphtherie, and of representative medium 
controls. 
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Extinction co-efficient, Z 


4300 4100 3900 3700 
Wave-length in Angstréms. 


T = toxic filtrate; N = non-toxic filtrate; M = medium. 
Curves for filtrate prepared in slightly varying media, and for a representative medium. 
— — — Curves for filtrates prepared in the same medium, and for the medium. 
M.R.D. Flocculation. 
approx. c.c. L,/min. 
Prepared with strain No. 5 : 0:00,000,066 . 22/14 
Ditto x 0°00,004 " —0-6* 
ef ; 2-4/258 
Prepared with toxigenic subculture of ; . . 14/89 
strain No. 3203 
Ditto ; “00. z —0°6 
Prepared with non-toxigenic subculture ; f i —0-6 
of strain No. 3203 
Uninoculated medium control for toxins 
T, and T, 
Prepared with non-toxigenic subculture ; 0°00,004 
of strain No. 3203 
Prepared with toxigenic subculture of : 0°00,000,066 
strain No. 3203 
Mr N i Uninoculated medium control for toxins 
sti T,; and N, 

Uninoculated 
medium. 
My,, T, ; T, and T, “ Parke-Davis peptone, decalcified; CaCl, added ; 

steam sterilized. Dextrose and sodium lactate. 


My,, N,N. ° N,, N; and N, a Same as Mr,’ except no CaCl, added. 


Toxin. Modification in preparation of media (2). 


My, ° N, . Same as My. except prepared without heat. 


Mr N . T, and N, ‘ “ Difco ”’ proteose peptone, not decalcified. Dextrose 
= 24 tg and sodium lactate. 


Absorption curves for the three media prepared with Parke-Davis peptone showed no significant 
difference. 


* Negative L; values indicate that the filtrates failed to flocculate in tests at these or higher values 
and were not tested lower. . 
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An examination of these ultra-violet absorption curves directs attention 
to three regions in which there is definite selective absorption : about \ 4000 A, 
about A 3200 A, and between A 2800 and 2400 A. 


DiacraM 4.—Ultraviolet absorption spectrum curves of culture filtrates of high and low potency 
from a toxigenic strain of C. diphtheriz and of a representative medium control. 


Extinction co-efficient, Z 


4300 4100 3900 3700 


Wave-length in Angstroms. 
M.R.D. Flocculation. 
approx. c.c. min. 
Prepared with strain No. 5 ‘ 0°00,000,06 ; 14/27 
Ditto : 0°00,000,07 22/15 
‘ 0°00,000,133 3 12/33 
0°00,000,066 ‘ 12/33 
000,002 —1:8 
” . 0°00,002 e —1:8 
Uninoculated medium control for T, . oe . ee 
vee Toxin. Modification in preparation of media. 


Mr, “ T, : Same as Mr, except prepared without heat. 
T, ; “‘ Difco ” proteose peptone, not decalcified. Pfanstiehl’s technical 
maltose and sodium lactate. 


T, ‘ ** Difco” proteose peptone, decalcified; CaCl, added; steam 
sterilized. Dextrose and sodium lactate. 


T, A Same as Mr, except no CaCl, added. 
N, : Same as Mr. except “‘ difco ” C.P. maltose used instead of dextrose. 
N, . Same as Mr, except ‘‘ difco’’ C.P. maltose used instead of dextrose. 


Absorption curves for these media showed no significant difference. 


Absorption curves were obtained in the region of \ 4000 A for filtrates of 
diphtheria cultures and of their media prepared according to the methods 
outlined under the heading “ Technical Details’’. Diagram 3 records the 
absorption curves for filtrates of high and low potency in comparison with the 
curves for uninoculated medium controls prepared with Parke-Davis peptone 
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and with “difco”’ proteose peptone. The modifications in the preparation 
of the media are listed. 

Diagram 4 records the absorption curves for a group of filtrates and for 
one representative medium control. The media were prepared with “ difco ” 
proteose peptone. Although there were variations in the method of prepara- 
tion of different media, there was no significant difference in the absorption 
spectrum curves for media prepared with the same peptone. In all cases the 
curves for the filtrates of low potency resemble the curves for the uninoculated 
media in that they are relatively smooth and show no inflection near ) 4000 A. 
The curves for the more highly toxic filtrates all show a strong inflection in the 
4000 A region. They do not, however, show a point of maximum within this 
range. 


Diacram 5.—Ultraviolet absorption spectrum curve of an ether extract from a toxic culture 
filtrate of C. diphtheriz. 
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This ether extract was prepared from the culture filtrate which is represented by T, in Diagram 4. 


Since treatment of toxins with sodium hydrosulphite and cysteine hydro- 
chloride did not change these inflections into bands, acetic-acid-ether extracts 
were made of some of the toxins, and their absorption curves were determined. 
Diagram 5 records the curve obtained for the ether extract of the toxin desig- 
nated as T, in Diagram 4. In this case there is a narrow sharp band with a 
maximum at about A 4070 A, the band probably being caused by that ingredient 
of the toxin which produces the inflection in the curve for the whole filtrate. 
Curves for ether extracts from several other potent toxins also show sharp 
bands. In some cases the maximum of the band is at \ 4070, and in others 
at 3970 A. 

Campbell Smith has stated in a communication to Coulter and Stone (1931) 
that he has found in the spectra of ether extracts from diphtheria-culture 
filtrates an absorption band in the region of \ 4100 A, which he considers is 
probably due to some member of the porphyrin group. 

Since the completion of our experimental work, Levaditi and others (1934) 
have reported curves for whole diphtheria toxins of high potency which show 
bands at d 4080 A. 
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In the region around \ 3200 A, the absorption curves for the toxins studied 
differed markedly from those for their respective media. Diagram 6 shows 
the curves for three of the filtrates examined and a representative medium 
curve. The highest and the lowest of these three curves are for filtrates of 
very low potency and the middle one is for a potent toxin ; the actual titres 


DiaGraM 6.—Ultraviolet absorption spectrum curves of toxic and non-toxic culture filtrates of 
C. diphtheriz. 
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Toxic filtrate Fs . < 22/14 
Non-toxic filtrate : , : —0-6 
Ditto ‘ . : —0-6 
Uninoculated medium control for toxin T, . es 
prs nu Toxin. Modification in preparation of media. 


Mr ; T, ‘ Parke-Davis peptone, decalcified; CaCl, added; steam 
. sterilized. Dextrose and sodium lactate. 


My: a N, and N, : Same as Mr,; except no CaCl, added. 


Absorption curves for these media showed no significance difference. 


are recorded in the diagram with the curves. All of the fourteen filtrates 
measured in this region varied in potency between these limits, and all their 
absorption curves lie between these two extreme ones; no relationship was 
found to exist between the selective absorption around ) 3200 A and the 
potency of the toxins. The toxicity of one filtrate was destroyed by heat ; 
its curve was redetermined and was found to be not significantly changed.* 


* The following facts may be of some significance in a consideration of the absorption in the 
region near \ 3200 A; other workers have noted that porphyrins are present in toxic filtrates 
of C. diphtheria and that they produce absorption in the region near \ 4000 A. The porphyrins are 
known to differ in the number of the carboxyl and hydroxy! groups contained in the molecule, and 
there is characteristic absorption by see ei ipbroatct in the region from A 3100 to 3500 A. 
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From about \ 2800 A to the end of the range studied, the curves for the 
toxins differed very little, if at all, from those for their respective media. They 
showed a broad flat region between \ 2800 and 2400 A. None of the ingredients 
of the media except the peptones gave appreciable absorption within this 
range. Moreover, the peptone solutions of the same concentration as those 
used in the media showed curves similar to the curves for the corresponding 
media. Hence the absorption shown by the diphtheria culture filtrates in 
this region is very probably due, in part, to the proteins and amino-acids in the 
peptone, since these substances are known to produce absorption at about 


dA 2800 A. 


STUDIES OF TOXIN PRODUCED IN SYNTHETIC MEDIA WITHOUT PEPTONE. 


The investigation was continued and extended in scope by comparative 
analyses of diphtheria toxins produced with strain No. 3203 in synthetic media 
free from protein, in order to obtain from a study of toxins produced in these 
very simple media further information concerning the synthesis of the selec- 
tively absorbing ingredients, which in the toxin produced in infusion-free 
peptone medium were found to yield absorption bands at or near those of the 
porphyrins. The synthetic media had the same inorganic constituents as the 
infusion-free peptone medium, but contained sodium asparaginate and cystine 
instead of peptone as the nitrogen source. Some of the media contained 
chemically pure dextrose, some technical maltuse, and some chemically pure 
maltose and dextrin. 

One ether extraction only was made of the various medium controls and of 
each of a number of toxins, and these were examined spectroscopically. Since 
the absorption bands were very faint, some of the toxins were concentrated 
by pervaporation (Kober, 1917) in cellophane bags. Even the concentrated 
toxins showed bands which were fainter than those for unconcentrated toxins 
of corresponding potency from infusion-free peptone medium. One toxin was 
dialyzed after pervaporation in order to remove salts which, it was thought, 
had caused excessive foaming during the process of extraction. The solutions 
were examined in a 20-cm. absorption tube. The approximate positions of 
the absorption bands, within the range of 4 6800 to 4500 A, were obtained by 
direct visual observation, and are shown graphically in Diagram 7. The chart 
also indicates the carbohydrates used in the preparation of the media, the 
potency of the unconcentrated and concentrated toxins, and the extent of 
their concentration. 

The ether extracts of each of the different medium controls showed no 
bands. Two of the culture filtrates of the same age (Nos. 1 and 2 on Diagram 7), 
one of very low (no flocculation at L; 0-6) and the other of relatively high 
(L, 3-6) potency, prepared in different portions of the same ultrafiltered medium, 
one sterilized by Berkefeld filtration and the other by heat, when concentrated 
seven and one-half times by pervaporation in a cellophane bag, yielded ether 
extracts which showed different absorption when examined spectroscopically. 
The ether extract from the concentrated low one showed no bands, while that 
from the filtrate of higher toxicity showed several. The extract from another 
filtrate (toxin No. 7) of very low toxicity showed no bands until concentrated. 
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DracraMm 7.—Positions of visible absorption spectrum bands of ether extracts from culture filtrates 
of C. diphtherie grown in synthetic media without peptone. 
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Values for extracts from diphtheria toxins prepared in infusion-free peptone media. Refer to Diagram 1. 


Schumm’s values for coproporphyrin in weak acetic-acid ether. 


coproporphyrin extracted from diphtheria toxins agree very closely with these. 
Coulter and Stone’s values for a “complex porphyrin”’, in weak acetic-acid ether, extracted from 
diphtheria culture filtrate produced in infusion media. 
Coulter and Stone’s values for the copper compound of a preparation of coproporphyrin obtained from 
a diphtheria culture filtrate. 
Campbell Smith’s values for porphyrins extracted from diphtheria culture filtrates—personal communi- 


Coulter and Stone’s values for 


cation to Coulter and Stone. 





* Concentrated by pervaporation through cellophane. 
+ Pooled toxin not tested ; value estimated from tests on individual toxins. 
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The other toxins yielded bands which are also recorded. The band at A 5610 A, 
when any bands appeared, was always definite and sometimes strong. The 
bands at other wave-lengths were faint, particularly those in the 5000 A region, 
where it was impossible to make accurate readings. 

The agreement of the positions of the absorption bands of ether extracts 
from toxins produced in these synthetic media without peptone with those of 
extracts from toxins produced in infusion-free peptone media is shown on 
Diagram 7. The positions of the maxima of the absorption bands of some of 
the porphyrins are also indicated. 


STUDIES OF TOXIN PURIFIED BY ULTRAFILTRATION. 


A further investigation of the relationship between the absorption of radiant 
energy by diphtheria toxins and their biological activity has been made in a 
study of a whole toxin and its ultrafiltered fractions. 

Bechhold (1919) reports the separation of diphtheria toxin into two fractions 
by ultrafiltration. In the course of recent studies of the separation of toxic 
and non-toxic fractions of diphtheria toxin by ultrafiltration in this laboratory 
(Quigley, 1934; Wadsworth and Quigley, 1934), it was noted, although not 
recorded in the publications, that the residue which retained practically all of 
the toxin was highly coloured—light brown and rose-tinted—whereas the non- 
toxic filtrate was light lemon yellow. Thus, some of the pigment was separated 
from the toxin by ultrafiltration. 

A toxin produced in infusion-free peptone medium with strain No. 5 was 
ultrafiltered upon a 9-5 p.c. nitrocellulose membrane, and the residue washed 
until the washings were practically free from sulphates and chlorides. The 
whole toxin, the washed residue diluted back to the volume of the original 
toxin, the ultrafiltered filtrate and the medium control were examined spectro- 
photometrically in the visible and near ultraviolet regions of the spectrum. 
The whole toxin had a minimal reacting dose of approximately 0-00,000,08 c.c. 
and an L,; value of 16 in 21 minutes. The washed residue contained practically 
all of the toxin ; its M.R.D. was also 0-00,000,08 c.c., and although it did not 
flocculate until blended with some of the original toxin, its L; value was esti- 
mated to be about 16. The ultrafiltered filtrate was non-toxic; 0-1 c.c. 
induced no skin reaction in a guinea-pig. 

In the range from A 7600 to 3800 A, the curves for whole toxin showed only 
very slight inflections between A 7000 and 5000 A. Treatment with sodium 
hydrosulphite brought out sharp inflections near \ 5700, 5350 and 4950 A. 

In the absorption curves for the washed ultrafiltered residue restored to the 
volume of the original toxin—the potent fraction—there was an inflection 
between A 6200 and 6000 A, a broad inflection from \ 5800 to 5600 A, a band 
near \ 5370 A, and a slight inflection near ) 5000 A. After reduction with 
sodium hydrosulphite, the most significant change was that the broad inflection 
agen A 5800 and 5600 A was changed to a band with a maximum near 
A 5750 A. 

In the curve for the ultrafiltered filtrate—the non-toxic fraction—there 
were also inflections near \ 5750, 5350 and 5000 A. When the filtrate was 
treated with sodium hydrosulphite, two of the inflections were changed into 
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bands. whose maxima were near A 5730 and 5360 A. Diagram 8 presents the 
readings near the peaks of these bands. 

Spectrograms were made of all these materials. Those of the washed 
ultrafiltered residue and the ultrafiltered filtrate showed two regions of selective 
absorption between the helium lines, A 5876 and 4922 A. 

Spectrograms and curves were made of the medium control, incubated for 
seven days and filtered, and gave no evidence of selective absorption. 

Acetic-acid-ether extracts were prepared. That for the medium control 
was colourless to the eye and showed no bands in the visible region. Quali- 
tative visual observations were taken and spectrophotometric curves determined 


DracraM 8.—Visible absorption spectrum curve of the ultrafiltered filtrate of a diphtheria toxin, 
treated with Na,S,0,. 


Extinction co-efficient, 


5200 
Wave-length in Angstréms. 
This ultrafiltered filtrate was non-toxic ; 0:1 c.c induced no skin reaction in a guinea-pig. 


for the ether extracts from the whole toxin, the washed ultrafiltered residue, 
and the ultrafiltered filtrate. Table I summarizes the positions of the absorp- 
tion bands of these extracts. It is obvious from the table that every absorption 


TaBLE I.—Positions of Visible Absorption Spectrum Bands of Ether Extracts 
from a Diphtheria Toxin and its Ulirafiltered Fractions. 
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band which appears in the visible spectrum of the ether extract from the 
residue appears also in that of the filtrate. 
The study of this toxin and its ultrafiltered fractions, both the whole 


Diacram 9.—Microphotometric tracings of spectograms in the visible region of ether extracts from 
a culture filtrate of C. diphtherie, untreated and treated with charcoal. 


Upper curve: Extract from untreated filtrate. M.D.R. approximately 0-00,000,07 c.c.; Ly 
22/15 min.; M.L.D. from 0-002 to 0-003 c.c. Lower curve: Extract from charcoal-treated 
filtrate. M.R.D. approximately 0°00,000,08 c.c.; L 20/22 min.: M.L.D. from 0°002 to 
0°003 c.c. 

The reference line spectra are those of helium and mercury. 


materials and their ether extracts, does not suggest that the positions of the 
absorption bands in the visible region of the spectrum of the toxic fraction 
differ significantly from those of the non-toxic. 


STUDIES OF TOXIN TREATED WITH CHARCOAL. 


Some of the culture filtrates of C. diphtherie produced in infusion-free 
peptone media with strains Nos. 5 and 3203 were mixed with from 1 to 3 p.c. 
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of activated charcoal (klearit), as suggested by the work of Schmidt and 
Hansen (1930), allowed to stand for about one hour, and then cleared by 
filtration. The filtrates were somewhat decolorized, but tests showed that 
the potency was not significantly changed by this treatment. Specific values 
for some of the toxins are recorded on Diagrams 9 and 10. 

Visual observations were made of the whole toxin, untreated and treated 
with charcoal, and of the ether extracts from these materials. The bands in 
the 5700 A region and near \ 5370 A, which appear in the spectra of the 
untreated toxins reduced with sodium hydrosulphite, did not appear in the 
spectra for the charcoal-treated ones. Another band which appeared in one 


Dracram 10.—Ultraviolet absoprtion spectrum curves of a culture filtrate of C. diphtherie, 
untreated and treated with activated charcoal, and of its ether extracts. 
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case between \ 5900 and 6100 A in the spectrum of the untreated toxin, 
reduced, persisted after treatment with charcoal. 

The ether extracts from untreated culture filtrates showed, as in other 
cases, marked absorption bands in the visible region, while those from the 
charcoal-treated specimens showed no bands. Microphotometric tracings of 
the spectrograms of the extracts from one toxin—that designated as T, in 
Diagram 4—untreated and treated, are recorded in Diagram 9. Three extrac- 
tions were made from 100 c.c. of filtrate, pooled, and concentrated to a volume 
of 16 c.c. by evaporation at room temperature ; the extracts were shielded 
from light throughout their preparation. The colour of the first ether extract 
from the untreated toxin, when examined through a 20-cm. depth of solution, 
was water-melon pink, and that of the concentrated extract was, of course, 
very much deeper. The concentrated extract from the charcoal-treated 
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filtrate, examined under the same conditions, was a very pale yellow. Although 
there is a great difference in the spectra of these two extracts, one showing 
strong selective absorption and the other only continuous, the potency of the 
untreated and charcoal-treated filtrates from which they were made differed 
scarcely at all. The actual values are indicated on the diagram. 

Diagram 10 records the absorption curves in the 4000 A region for another 
toxin, untreated and treated with charcoal, and for the ether extracts from 
these materials. It records also the potency of the toxin. In order to 
obtain a measurable amount of absorption, it was necessary to make three 
extractions from 100 c.c. of the charcoal-treated filtrate and to concentrate 
the volume to about 4 c.c.; in the case of the untreated, only one extraction 
and concentration were necessary. These extracts were examined in a l-cm. 
cell. The absorption curve for the untreated toxin shows the usual inflection 
near \ 4000 A, and that for its ether extract, a sharp band with the maximum 
at \ 3970 A, whereas both those for the charcoal-treated toxin and its ether 
extract are smooth and give no evidence of selective absorption. This has 
been verified by work on another filtrate. 

Hence it appears from this study that it is possible by means of treatment 
with charcoal to remove the ingredient which causes selective absorption in 
the visible and near ultra-violet regions of the spectrum without significantly 
changing the potency of the toxin. 


SUMMARY. 


The absorption in the visible and ultraviolet regions of the spectrum by 
diphtheria-culture filtrates and by their media is recorded. Toxic and non- 
toxic filtrates were prepared with toxigenic and non-toxigenic strains of 
C. diphtherie in -infnsion-free peptone media prepared with the least possible 
modification, and with toxigenic and non-toxigenic subcultures of the same 
strain in identical media. 

In the visible region the toxic filtrates and their ether extracts are produc- 
tive of selective absorption, while the filtrates of very low potency and their 
ether extracts, in the concentrations studied, show no bands, or at most, 
extremely faint ones. 

In the ultraviolet region, the absorption curves for the toxic filtrates show 
marked inflections in the 4000 A region, whereas the filtrates of very low 
potency show no inflections here. Ether extracts from the toxic filtrates give 
absorption curves with sharp maxima. In some cases the maximum is at 
\ 4070 + A, and, in others, at \ 3970 r= 

Absorption of radiation by both the toxic and non-toxic culture filtrates 
oo with their respective media is noted in the regions near \ 3200 and 
2800 A. 

_ Selectively absorbing ingredients are found also in toxins produced in 
synthetic media. The diphtheria bacillus, even when cultivated in this 
medium, apparently is able to produce or liberate a substance which causes 
selective absorption in the visible region of the spectrum. The intensity of 
the absorption produced by synthetic-medium toxins appears to be less than 
that produced by peptone-medium toxins of corresponding potency. 
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The results of the investigation of an ultrafiltered toxin indicate that the 
ether-soluble ingredient which produces selective absorption in the visible 
region is present both in the non-toxic filtrate and in the toxic residue. 

The treatment of culture filtrates of C. diphtherie with activated charcoal 
resulted in the removal of the selectively absorbing ingredient from the toxic 
filtrate without significantly lowering the toxicity. This suggests that, at 
least after toxin is produced, the ingredient which produces bands in the 
visible region of the spectrum and an inflection near \ 4000 A is no longer 
associated with the toxin. 

This ingredient shows bands which parallel strikingly the absorption 
spectra of some of the porphyrins. It does not appear in culture filtrates of 
toxigenic strains grown under conditions unfavourable to toxin production. 
Thus, apparently, the toxin and the substances giving selective absorption 
corresponding to that of the porphyrins are produced or liberated by the 
diphtheria bacillus under similar conditions. Nevertheless, the selectively 
absorbing ingredients are found to be distinct from or not associated with the 
toxin under the conditions of these experiments, since they may be removed 
from the toxin, in part, by ultrafiltration, or entirely by adsorption on 
charcoal. 
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Various authors have reported the production in rabbits of antibodies 
specific for the saps of plants infected with certain viruses. The literature 
on this subject has recently been summarized by Beale (1934) and Chester 
(1934). We have found only one account of the use in such experiments of 
the potato virus “ X ”’ (Gratia, 1934). Gratia states that this virus and the 
virus of tobacco mosaic can be distinguished from one another serologically 
when both are present in the sap of the same plant. 

The present work was commenced two years ago, with the object of deter- 
- mining whether the antigenic behaviour of virus-infected saps was sufficiently 
specific and reliable to allow of their separation and classification by serological 
means. The original suggestion was made by Dr. R. N. Salaman, of the 
Cambridge Potato Virus Research Station, who also took part in the earlier 
experiments. Before any of the experiments reported in this paper were 
performed Dr. Salaman was called abroad, and his place was taken by one 
of us (F. C. B.). We would like to express our indebtedness and gratitude 
to Dr. Salaman for his suggestion, for his help and interest in the work, and also 
for the strains of virus which he isolated and with which he kindly provided us. 

The experiments to be recorded show that saps expressed from tobacco 
(Nicotiana tabacum, var. White Burley), N. glutinosa, Datura stramonium and 
the potato, when these plants are infected with the potato virus ‘‘ X ”’ of Smith 
(1931), contain an antigen which is not present in the saps of healthy tobacco 
or Datura plants, or of tobacco infected with certain other viruses. They 
also indicate that this antigen is closely associated with the virus itself. 


MATERIALS AND METHODS. 


Salaman (1933) has shown that the virus “ X ” can occur in strains of 
different virulence, three of which he has isolated and called 8, L and G respec- 
tively. 8S, the most virulent strain, causes, in tobacco, an acute necrotic 
disease, the necrosis usually assuming ring or pattern forms. Strain L produces 
on tobacco a bright yellow mottle and dark green vein-banding, whilst G, the 
least virulent strain, gives only a very mild and indeterminate mottle. 

In these experiments strains S and G were used for immunization purposes. 
Rabbits were immunized by the intraperitoneal injection of the fresh unfiltered 
and undiluted sap of tobacco (var. White Burley) expressed through muslin 
in a mortar from recently-picked leaves. Six injections of 1-0 to 2-0 c.c. at 
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4- to 6-day intervals were given, and the animals were bled 8 to 10 days after 
the final injection. The rabbits remained healthy and maintained their weight. 
Sera were obtained after one, two and three courses of injections. 

Three rabbits were treated in this manner with each strain of virus and 
three with the sap of healthy tobacco leaves. Two more rabbits were immu- 
nized with S strain virus, which had been purified by the method described 
below. The sera of these last rabbits reacted with virus suspensions in the 
same manner as did those of rabbits immunized with virus-infected crude sap. 

Preparation of test antigens.—The preparation of stable antigen suspensions 
for flocculation tests presented difficulties which have been recognized by 
some previous workers with plant antigens (Wells and Osborn, 1911). Tobacco 
sap, whether virus-infected or healthy, when expressed through muslin and 
clarified by filtration through either a Chamberland filter or a Kieselguhr bed, 
rapidly becomes brown and frequently forms a spontaneous precipitate if 
kept at room temperature for a few minutes. This precipitation is more 
rapid in the water-bath at 50°C. Definite and apparently specific flocculation 
reactions were obtained with various sera and such crude sap filtrates, but their 
significance was often masked by the spontaneous precipitation of the saline 
controls. 

To overcome this difficulty, the virus-infected saps were treated in the 
manner described by MacClement (1934) for the purification of the “ X ” 
virus. In this method the crude sap expressed through muslin is diluted 
14 times with distilled water, cooled to 0° C., saturated with CO, and quickly 
centrifuged. The supernatant fluid, which contains the majority of the virus, 
is then further diluted at least 10 times with distilled water at 35° C. and 
saturated with CO, at this temperature. A small precipitate forms, and this, 
carrying the virus with it, is. thrown down by the centrifuge. It is then re- 
suspended in a volume of water equal to that of the original sap and again 
centrifuged for a short time to throw down gross particles. The final super- 
natant fluid, which is water-clear or faintly opalescent, contains most of the 
virus, and is usually infective at dilutions from 1/1000 to 1/10,000. It does 
not precipitate spontaneously, even after long periods in the water-bath at 
50° C. Dr. Pirie has determined that 10 c.c. of this final product contains 
about 2-5 mg. of solid matter, 50 p.c. of which is mineral salt and 9 p.c. nitrogen. 
Antigen suspensions prepared by this method will be referred to as purified 
antigens. 

COMPLEMENT-FIXATION EXPERIMENTS. 

Complement was fixed by purified antigens of both S and G strains with 
antisera prepared against either. No equivalent fixation occurred when these 
antigens were mixed either with normal rabbit serum, or with the sera of 
rabbits treated with the sap of healthy tobacco plants. 


Method. 


; The standard technique employed in complement-fixation tests was as 
ollows : 

Purified virus antigens were diluted before use with 1-7 p.c. NaCl. Subse- 
quent dilutions (1/4, 1/8, etc.) were made in physiological saline. The necessary 
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number of rows of serial dilutions of antigen were made in ordinary test-tubes, 
the volume in each tube being 0-5 ¢.c. 0°5 c.c. of fresh normal guinea-pig serum 
(complement) diluted 1/10 was then added to each tube, and this was followed by 
0-5 c.c. of antiserum, appropriately diluted, or by 0-5 c.c. of saline in the antigen 
control series. The tubes were then shaken and allowed to stand at room tem- 
perature for one hour, for fixation of complement to take place. 0-5 c.c. of 
5 p.c. washed sheep red corpuscles and 0-5 c.c. of suitably diluted hemolytic 
amboceptor (anti-sheep-cell rabbit serum) were then added, the tubes were 
shaken and immediately transferred to the hot room at 37° C. Readings 
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Fic. 1.—Complement-fixation by purified S and G antigens from tobacco with an anti-G 
serum and a serum against healthy tobacco (anti-tobacco). Both antigens were infective. 
Hemolytic amboceptor was used at eight times its minimal hemolytic strength with the 
dose of complement used (1-0 c.c. of 1/10 normal guinea-pig serum). Fixation was allowed 
to proceed for 1 hour. 


were made at intervals over one hour, after which the tubes were removed from 
the hot room, and allowed to stand at room temperature until the following 
morning, when a final reading was made. 

Complement was always used at a standard dilution of 1/10. A rough 
estimate of the amount of fixation taking place was arrived at by using varied 
strengths of amboceptor. Both amboceptor and complement were titrated 
against each other at the beginning of cach experiment, to determine the 
approximate hemolytic dose of amboceptor. 

The final volume of fluid in each tube was 2-5 c.c. Complete hemolysis, 
complete lack thereof and different intermediate grades have been recorded 
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by means of squares. A totally black square indicates a tube in which hemo- 
lysis was complete ; a white square, one in which there was no hemolysis. 

Throughout these experiments no difference was detected between the 
S and G strains of virus. Both fixed complement equally well with antisera 
prepared against either. The results of twenty-one comparable experiments 
with eight different antigen preparations and the sera of six rabbits were 
similar and need not be classified. The experiment shown in Fig. 1 is an 
example from among these. 


Control Experiments with Normal Sera and Healthy Saps. 


Purified virus antigens did not contain demonstrable amounts of any antigen 
present in healthy tobacco sap. Numerous experiments in which these antigens 
were mixed with normal rabbit sera and the sera of three rabbits treated with 
healthy tobacco sap failed to show any complement fixation other than that 
indicated by a few minutes’ delay in hemolysis in the first two or three tubes. 
Normal healthy tobacco sap subjected to a CO, purification Similar to that 
employed for the virus antigens failed to fix complement with any sera. 

It was, however, possible, by using unpurified filtrates of healthy sap as 
antigens in complement-fixation tests, to demonstrate antibodies to normal plant 
antigens both in antiviral sera and in the sera of rabbits treated with healthy 
tobacco sap. The sap, freed from excess solid debris by light centrifugation, 
was passed through a bed of white Kieselguhr deposited to a depth of about 
1 mm. on filter-paper in a Buchner funnel. Filtrates were at first clear and of a 
light green or brown colour, but they usually darkened on standing, and pre- 
cipitated spontaneously. Some samples were anticomplementary, but others 
which by themselves or when mixed with normal rabbit serum did not fix 
any complement, did so readily when mixed with anti-viral sera, or with the 
sera of rabbits treated with healthy tobacco sap. Tested against healthy sap 
filtrates, anti-viral and anti-healthy sera gave similar results, whilst, tested 
at the same time against purified virus antigens, only the anti-viral sera fixed 
complement. Kieselguhr filtrates of the sap of healthy Datura stramonium 
plants behaved exactly as did the healthy tobacco filtrates, in that they fixed 
complement with both anti-viral sera and the sera of rabbits treated with 
healthy tobacco sap, but not with normal rabbit serum. The two genera 
Datura and Nicotiana are closely related, and it seems that they contain a 
common antigen. 


Zones of Optimal Complement-fixation. 


When purified virus antigens and sufficiently dilute anti-viral sera were 
used in complement-fixation experiments, it was the rule for fixation to occur 
best somewhere in the middle of the range of antigen dilutions. An antigen 
excess prozone appeared in which fixation was incomplete. 

Two experiments were performed in which the antiserum as well as the 
antigen was studied over a range of dilutions. In these experiments, the zone 
of optimal fixation moved towards the dilute antigen tubes as the antiserum 
was diluted, but the actual optimal proportions between antigen and antiserum 
were not constant ; they moved towards the antigen excess side as the system 
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was diluted. Optimal fixation proportions did not correspond with floccula- 
tion optima obtained with the same reagents in a water-bath at 50° C. The 
experiment recorded in Fig. 2 is one of these complement-fixation tests. The 
second gave a similar result. 
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Fic. 2.—Complement-fixation by purified S strain virus from tobacco with anti-S serum, 
showing zone of optimal fixation. Hemolytic amboceptor used at the minimal strength 
giving complete hemolysis. Fixation allowed to proceed for 1 hour. 


FLOCCULATION EXPERIMENTS. 
Method. 


Tests were carried out in thick-walled, 7-mm. test-tubes, in a glass-fronted 
water-bath at 45° to 50° C., illuminated from behind so that the tubes could 
be observed without being removed from the bath. The height of water was 
adjusted so that convection currents kept the mixtures constantly agitated. 
Only purified virus antigens could be relied upon on account of the spontaneous 
flocculation of Kieselguhr filtrates. 

In some tests the antiserum was used at a constant dilution and the antigen 
dilution varied; in others the opposite procedure was followed. Purified 
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virus antigens were diluted before use with an equal volume of 1-7 p.c. NaCl ; 
all subsequent dilutions were made in 0-85 p.c. saline. Serial dilutions of 
1-0 c.c. volume were made in ordinary test-tubes; 0-9 c.c. of each was then 
transferred to one of the smaller, thick-walled tubes and 0-9 c.c. of the constant 
reagent was added, making the final volume in each tube 1:8 c.c. 


Results. 


Virus antigens of both S and G strains and one sample of the L strain were 
flocculated by each of the two types of anti-“‘ X ”’ virus serum, but not by 
normal rabbit serum, nor by the sera of rabbits treated with healthy tobacco 
sap. The flocculation time varied from one or two minutes to an hour, 
according to the batch of antigen used and the dilution of the reagents. The 
floccules were large and loose, sinking slowly or even sometimes floating. 
They resembled those seen when a flagellated bacterium is agglutinated by 
anti-flagellar antibodies. They showed no visible organization when examined 
in a hanging drop, or dried upon a slide and stained with carbol fuchsin. 

As with the complement-fixation technique, S and G strains of virus 
appeared to be interchangeable. 

Flocculation was obtained with sera diluted down to 1/2000, or with virus 
antigens at 1/200, and occasionally more dilute. 

Optimal flocculation proportions.—Flocculation occurred most rapidly at 
definite antigen-antiserum proportions, whether the test was carried out with 
constant antigen and varied serum dilutions, or by the reverse method, but 
the optimal proportions indicated by the two types of test were widely different, 
and bore no fixed relation to one another. The constant antigen optimum 
was obtained easily and regularly, whereas the constant antiserum optimum 
only appeared with certain sera, and then only when they were used at high 
dilution (1/500 to 1/2000). 


TaBLE I.—Constant Antigen Flocculation Test with Purified S Strain Antigen 
and Anti-S Strain Antiserum. 


Dilution of serum. 
—— 


1/4. 1/8. +=-1/l6.~=—«:1/82. =: /64. 1/128, 1/266. 0. 
Reading after20  . — + ++ + + — —_ = 


minutes 
(Antigen suspension diluted 1/16 in all tubes.) 


TaBLE II.—Constant Antiserum Flocculation Test with the Same Reagents as in 
Table I. 


Dilution of antigen. 
1/2. 1/4. 1/8. 1/16 1/32. 1/64. 1/128. 
Reading after 24 hours — + +4+4- ++ at sin ‘aes 


(Antiserum diluted 1/1000 in all tubes.) 


Plus signs indicate the degree of flocculation. Flocculation was seen first in those tubes in which 
there was most flocculation at the reading shown. Later readings showed much denser flocculation 
in more tubes, but optimal tubes became obscured. 
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The experiment recorded in Tables I and II showed the result of titrating 
one batch of antigen and one serum by the two methods. The optimum 
antiserum-antigen ratio was 1: 1 in the constant antigen test, but 1 : 125 in 
the constant antiserum test. 

No indication of double zones was ever seen. 

In constant antigen experiments the optimal flocculation proportions 
fell near, but did not coincide with, optimal complement-fixation proportions 
obtained with the same reagents in experiments in which the antiserum was 
kept constant. Such constant antiserum complement-fixation optima were 
far removed from the constant antiserum flocculation optima. Complement- 
fixation optimal proportions varied, however, with the dilution of the system ; 
as with other antigen-antibody systems (Dean, 1931), the relations between 
fixation optima and flocculation optima are not simple. 


ce ”° 


X VIRUS IN OTHER PLANT HOSTS. 


Sera from the rabbits treated with virus-infected tobacco sap gave equally 
good flocculation with the purified virus antigens of tobacco origin, and with 
highly infective suspensions of the ‘‘ X ”’ virus prepared by the same method 
of CO, precipitation from infected leaves of Datura stramonium, Nicotiana 
glutinosa and the potato (vars. President and Up-to-date). Table IIT shows 
the result of one experiment, in which a purified G strain virus antigen from 
Datura was tested against both anti-G and anti-S strain sera obtained by treating 
rabbits with infected tobacco sap. 


TABLE ITI.—Constant Antigen Flocculation Test with G Strain Purified Antigen 
from Datura and from Tobacco. 


Antigen > ° . : . From Datura, 1/8 = ° - From Tobacco, 1/4. 


Antiserum . - ‘ . Anti-S.. * . @AaniG. .. . Anti-G. 

Time of reading . - lLhour, 35min. _. ~ | MO mae. ‘ - 1 hour. 

Antiserum dilution. 
1 / 8 ‘ : _— ; a. +f. 
1 /16 = . _ -f-t- 
1/32 i he 4 
1/64 : f- 4. 
ae +++ 
] / 258 -f- 
1/512 _ 


0 ° . _ 


Purified S strain antigen from Datura behaved similarly. Complement- 
fixation experiments showed that purified Datura virus ‘“‘ X ”’ antigens fixed 
complement with both anti-S and anti-G sera, but not with the sera of rabbits 
treated with healthy tobacco sap. 

Purified S strain antigen from N. glutinosa fixed complement with two 
anti-S sera. It was not tested against other sera. 
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Purified virus antigens from potato plants gave the following results : 
(1) An 8 strain from potato, var. President, gave typical flocculation with 
an anti-G serum. 

(2) A sample of “ X”’ virus from a potato plant, var. President, which 
showed an interveinal mottle, gave typical flocculation with anti-S and anti-G 
sera, but not with anti-healthy-tobacco or normal rabbit sera. 

(3) A-mild strain of virus “‘ X ” infective for tobaccos at a dilution of 1/100 
of the purified suspension was obtained from an ‘‘ Up-to-Date ’’ potato which 
was carrying it, but showed no signs of disease. This was flocculated by anti- 
S and anti-G sera, but not by the sera of rabbits treated with healthy tobacco 
sap. 


EXPERIMENTS WITH FILTRATES OF INFECTED SAP. 


The sap of infected tobacco plants was kindly filtered for us through 
‘‘gradocol’”’ membranes by Dr. Kenneth Smith. Filtrates which infected 
tobacco plants flocculated and fixed complement with anti-viral sera, but those 
which were not infective gave neither reaction. Four experiments of this kind 
gave similar results. In three of them the filtrates were prepared from purified 
virus antigen suspensions ; in the fourth a Kieselguhr filtrate of infected sap 
was divided into five samples, one of which received no further treatment, 
while the other four were passed respectively through a Berkefeld “‘ V ” candle, 
and gradocol membranes of pore diameters of 0-ly, 0-3u and 1-0u. The 
result of a flocculation test with these five samples is shown in Table IV. 
The infectivity of each sample was rested on six tobacco plants. All except the 
0-1u membrane filtrate were actively infective to all six plants, but none of the 
six plants inoculated with the 0-1lp filtrate showed any signs of disease. As 
judged by the shift in the optimal proportions, passage through the 0-3u 
membrane removed some of the antigen. 


INACTIVATION OF THE “ X”’ VIRUS BY ANTI-VIRAL SERA. 





Equal volumes (0-5 c.c. or 1-0 ¢.c.) of diluted serum and virus suspension 
were mixed in small test-tubes and allowed to stand for at least 2 hours. 
The mixtures were then thoroughly shaken and rubbed onto the leaves of 
young tobacco plants. The plants were observed for at least a month after 
inoculation, that is, for 3 weeks after the appearance of symptoms in the 
control plants. 

Neutralization was indicated by complete freedom of the test plants from 
symptoms. Determination of partial inactivation by local lesion counts was 
not attempted. 

In early experiments with crude unfiltered sap there was some evidence of 
neutralization, but purified virus suspensions used in all later experiments 
were more definitely inactivated by both anti-G and anti-S sera at a dilution 
of 1/10. Normal rabbit serum and the sera of rabbits treated with healthy 
tobacco sap did not, at this dilution, significantly reduce the number of plants 
which became infected, although they reduced the number of local lesions 
which the virus produced. 
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Table V is a summary of several experiments with purified virus suspensions 
which were all fully infective at a dilution of 1/1000. Before use the undiluted 
suspensions were mixed with an equal volume of 1-7 p.c. NaCl, 0-5 or 1-0 
c.c. of this 1/2 dilution being mixed with a similar volume of serum diluted 
1/10. 


TABLE V.—Inactivation of S, G and L Strains of the “ X” Virus by Various 
Sera; Summary of Experiments. . 


Number of Number of 
Serum. Virus strain. plants plants Percentage 


inoculated. infected. infected. 


Anti-S . S, purified . 82 ; 14 ‘ 17-2 
Anti-G po a agua oes eee 2-2 


Anti-healthy ne é 58 ; 56 : 96-5 
tobacco 
Normal rabbit 
Anti-S 
Anti-G 
Anti-healthy 
tobacco 
Normal rabbit 
Anti-S 
Anti-G 
Anti-healthy 
tobacco 
Normal rabbit 
Anti-S 
Anti-G 
Anti-healthy 
tobacco 
Normal rabbit 


@ 


12 . ‘ 100-0 
63 ; . 11-1 
46 ° : 0 

39 . , 97-4 


. 


. 


. 


16 ‘ ‘ 100-0 
18 ; . 5°5 
12 ‘ P 0 

18 , ‘ 94-4 


. 


. 


PEE a 299 


v 


6 ; bat 100-0 

° ° 37°8 

50 . ‘ 22-0 
51 ‘ ‘ 98-0 


A i 


. 


v 


ND MMM 


41 3 Ace 95-1 


v 


Plants which became infected after inoculation with mixtures of virus and 
anti-viral serum rarely showed local lesions ; systemic symptoms appeared 
upon them from one or two days to a week later than upon control plants. 


TaBLE VI.—The Effect of Dilution of Antiserum upon its Inactivating Power. 


Serum dilutions. 


Serum. 
1/5. 1/10. 1/20. 1/40. 1/80. 
Anti-G ere, es eres a, Eee Eee 
Anti-S : ‘ ‘ wg Ege A ge SA cg I 
Saline (6 plants only inocu- — eee — . 6 (40) 
lated) 
The first figure under each serum dilution indicates the number of plants, out of the ten inoculated 


with each mixture, which developed the systemic disease ; the second figure, in brackets, shows the 
average number of local lesions per plant. 
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Table V shows that all three strains of the ‘“‘ X ’’ virus were equally affected 
by sera, but that anti-G sera neutralized all strains better than did anti-S 
sera. Moreover, anti-G sera neutralized in higher dilution than did anti-S 
sera. This was shown in the experiment recorded in Table VI. 1-0 c.c. of a 
purified S virus suspension, infective at a dilution of 1/1000, was mixed with 
each of a series of serum dilutions. After standing at room temperature, each 
mixture was shaken and inoculated to ten plants of N. glutinosa. 


¢ > 


SPECIFICITY OF THE “‘ X”’ VIRUS ANTISERA. 
Experiments in vitro. 


Johnson’s No. 1 Tobacco Mosaic virus was purified by the CO, method 
used for the “‘X”’ virus. The final product was infective, but it failed to 
flocculate with anti-S and anti-G sera. A highly infective sample of the same 
virus purified by precipitation with safranin (Vinson, 1932) also failed to 
flocculate with an anti-S serum. Tobacco plants infected with Tobacco Ring- 
spot virus and others with potato virus “ Y ”’ were also subjected to the CO, 
process, but the final suspensions obtained were not infective, nor did they react 
with anti-“‘ X ”’ virus sera. 

Some experiments were performed in which simple Kieselguhr filtrates 
of sap infected with these three viruses were used as antigens. Kieselguhr 
filtrates of any tobacco saps were found to undergo an irregular spontaneous 
precipitation when incubated with sera or saline in the water-bath ; but, if 
the filtrates were first diluted to 1/5 with saline, this spontaneous precipitation 
was often delayed for many hours. Such filtrates of the “ X ” virus would 
give rapid and dense flocculation with anti-‘‘ X ” virus sera, while normal 
rabbit serum and the sera of rabbits treated with healthy tobacco sap either 
did not affect then, or even delayed still further the spontaneous precipitation. 
Kieselguhr filtrates of sap from plants infected with Johnson’s No. 1 Tobacco 
Mosaic, Potato Virus “Y” or Tobacco Ringspot, when mixed with anti- 
virus “‘ X ”’ or anti-healthy tobacco sera, failed to show any flocculation other 
than the slight and slowly forming precipitation seen in the saline controls. 

Another virus, the Potato Virus “ D’”’ (Bawden, 1934), closely related to 
the “‘ X ”’ virus in its behaviour, was purified by the CO, method. The sus- 
pensions obtained were actively infective, and reacted vigorously with anti- 
“ X ” virus sera of both strains in vitro. A closer investigation of the serology 
of this virus is being made. It has so far been found that its suspensions 
flocculate and fix complement with anti-“ X ” virus sera, and that the sera 
of two rabbits treated with the sap of tobaccos infected with the ‘‘ D ”’ virus 
react in the same way both with “‘ D ” virus suspensions and with suspensions 
of the S and G strains of the “ X ” virus. 


Inactivation Experiments. 


Anti-“‘ X ”’ virus sera failed to neutralize the Potato Virus ‘‘ Y ’’, Tobacco 
Ringspot virus and Johnson’s No. 1 Tobacco Mosaic. A purified virus sus- 
pension of Potato Virus ‘“‘D”’ was partially inactivated by both anti-S and 
anti-G sera. Table VII shows the results of these neutralization tests with 
viruses other than the “ X ”’ virus. 
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TaBLE VII.—Inactivation Experiments with Anti-“X ” Virus Sera and Viruses 
other than the “X ” Virus. 


Number of Number of 
Serum. Virus. plants plants Percentage 


inoculated. infected. infected. 
Anti-S . 3 Feete ¥** -, 24 . 22 . 91 
Anti-G ' ‘s ee ee 
Anti-healthy : . ‘ 30 ‘ 29 . 96 
tobacco 
Normal rabbit : ‘ 12 a 12 F 100 


Anti-S . Tobacco mosaic . 24 ‘ 24 cee 
Anti-G y ; 24 Z 24 3 100 
Anti-healthy ; ; 24 : 24 Te 
tobacco 
Normal rabbit . ne a ‘ 12 ‘ 12 . 


Anti-S r Tobacco : 24 Z 20 , 83 
ringspot 
Anti-G x Ditto s 24 ; 24 ‘i 100 
Anti-healthy ; i gis I a Re 83 
tobacco 
Normal rabbit ‘ : 12 P 76 


99 


Anti-S . Potato“ D” . 33 : ‘ 21 
(purified) 
Anti-G : Ditto ‘ 40 : 9 12 
Anti-healthy ‘ Pe ’ 22 ; ; 90 
tobacco 
Normal rabbit ‘ s 12 ‘ ‘ 93 


SUMMARY. 


(1) A common antigen has been demonstrated in the saps of tobacco, 
Nicotiana glutinosa, Datura stramonium and the potato (vars. “ President ”’ 
and “‘ Up-to-Date ”’) infected with the potato virus “ X ”’. 

(2) The antigen can be obtained in a stable and purified suspension by the 
method of precipitation by CO,, which gives preparations of high infectivity. 

(3) The antigen flocculates and fixes complement with the sera of rabbits 
which have been treated with the sap of infected tobaccos, either crude or 
after purification with CO,. It does not give these reactions with normal 
rabbit serum or the sera of rabbits treated with healthy tobacco sap. 

(4) Anti-viral sera in a dilution of 1/10 neutralize the infectivity of purified 
virus suspensions ; anti-healthy-tobacco sera and normal rabbit serum do not. 

(5) Both anti-virus-sap sera and anti-healthy-sap sera contain small 
quantities of antibodies to normal tobacco antigens ; these antigens are not 
present in demonstrable amounts in preparations of the virus purified by CO, 
precipitation. 

(6) Healthy tobacco and healthy Datura stramonium leaves share a normal 
antigen. 

(7) The virus antigen is specific to the potato virus “ X ” and the closely 
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related potato virus ‘““D”. It was not demonstrated in the sap of tobaccos 
infected with the viruses of Tobacco Mosaic (Johnson’s No. 1), Tobacco Ring- 
spot or potato virus “ Y ”’. 

(8) The ‘‘ X ” virus antigen is closely associated with the infectivity of the 
virus. Collodion membranes which remove the one remove the other also. 

(9) No antigenic differences were found between different strains of the 
“X ” virus. 


It is a pleasure to thank Dr. R. N. Salaman, Dr. Kenneth M. Smith, Dr. 
N. W. Pirie and Mr. D. MacClement for their advice and for assistance with 
materials and technique, and Prof. H. R. Dean for his advice, aid and 
encouragement. 
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Very little is known yet of the hemolysin produced by streptococci derived 
from animal infections. An increase of knowledge in this sphere would be 
important because further means of differentiation between human and animal 
streptococci might be found, and our knowledge of the action, composition, 
stability and neutralization of hemolysin in general thus be broadened. 

Neill and Mallory discovered (1926) that the rapid deterioration of hzemo- 
lysin produced in a serum-free medium was mainly due to oxidation, and that 
its lytic activity could be restored by treatment with reducing agents. Todd 
(1932) found that streptolysin produced in a serum-free medium acted as an 
antigen in vivo, and further showed that while both kinds of streptolysin, 
whether produced in serum-free medium or in medium containing serum, may 
act as antigens eliciting antibodies in the course of immunization, only the 
hemolysin produced in serum-free medium is neutralized by the antihemo- 
lytic antibody in vitro (Todd, 1933). 
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In a paper published in the course of our investigations, Todd (1934) adds 
many new facts to our knowledge of hemolysins, in particular that the hemo- 
lysins produced by streptococci of animal origin are not subject to reversible 
oxidation and do not appear to be antigens. This, if confirmed, would con- 
stitute a striking difference between streptococci of human and animal 
infections. Furthermore, Todd found it difficult to get any serum-free hemo- 
lysin from streptococci recovered from lower animals ; only one strain out of 
four gave a positive result, and even the hemolysin of this one had an M.H.D. 
of 10 c.c. 


MATERIAL. 


The strain of hemolytic streptococci used in the following experiments 
was first isolated from an outbreak of acute and highly contagious septicemia 
in mice at the end of 1930 (Loewenthal, 1932a).* Out of the four colony forms 
in which this strain, as well as many strains of streptococci from human sources, 
can be split (Loewenthal, 19326, 1934), cultures derived from the colony form 
N were used. The cultural characteristics of this form are small, conoid, 
non-confluent colonies on 5 p.c. human blood-agar, which, after 48 hours’ 
growth, can be moved as a whole on the plate, granular growth in serum broth, 
lack of capsules and of mucus production even under favourable conditions, 
as on glucose-containing media, and the secretion of a filterable hemolysin. 
The virulence of this strain for mice—maintained by frequent intraperitoneal 
passages—is rather high, 10-6, 10-7 c.c. killed in 2-3 days’ time. 


METHODS. 


Serum broth—Non-autoclaved beef broth with the addition of 20 p.c. 
horse-serum was used. 

Serum-free media.—After some preliminary tests with other media, Hewitt’s 
glucose bicarbonate broth (Todd and Hewitt, 1932) was exhaustively tested, 
but no hemolysin was produced by the mouse strain in this medium. In the 
course of other work we had experimented with a tryptic bicarbonate broth 
which is used in the Burroughs Wellcome Laboratories for the production of 
Dick toxin (O’Meara, 1934).t In our hands this medium has also proved 
superior to the glucose-containing broth for the production of hemolysin from 
the standard strain of streptococcus (Dochez, N.Y. 5), which was kindly given 
to us by Dr. Hewitt and Dr. Todd, of the Belmont Laboratories, Sutton. 

Anaerobic conditions.—Anaerobic conditions were obtained by adding dis- 
solved cysteine hydrochloride, making a concentration of 0-1 p.c. in the broth. 
After inoculation the tubes were sealed by a thick layer of vaseline. 

Inoculum.—The medium was inoculated either from an actively-growing 
culture, or preferably from the heart-blood of infected mice. 

Filtration Chamberland L3 candles were used. The first part of the 
filtrate—approximately one half—was set aside. In the case of the serum- 
free medium this contained distinctly less hemolysin than the second batch. 


* Mrs. Lancefield of the Rockefeller Institute, New York, who was kind enough to determine 
the group of this strain by means of her precipitation method (1933), found it belonging to group C. 

t We are indebted to Dr. O’Brien for a supply of this medium prior to the publication of its 
method of preparation by O’Meara. 
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The latter was always used in the tests recorded. below and its sterility was 
controlled. 

Reduction.—Reduction was performed by keeping for 1-2 hours in. vacuo 
after addition of 0-1 p.c. of sodium hydrosulphite. Alkalinization before 
reduction proved unnecessary, as the pH, which was 8-2 at the beginning of 
the incubation, did not drop below the neutral point under the conditions 
chosen for the incubation. 

Titration.—For the titration of hemolysin falling amounts of filtrate 
were made up to 0-5 c.c. with saline and 0-5 c.c. of a 5 p.c. suspension of rabbit 
red cells were added. The result was read after 2 hours’ incubation at 37° C. 


RESULTS. 
Hemolysin Produced in Media Containing Serum. 


As shown in an earlier paper (Loewenthal, 19326), cultivation at 25°C. for 
18 hours proved superior to that at 37° C. for hemolysin production in serum 
broth. The same was true in the present work, though the advantage gained 
by low temperature cultivation was not always very impressive, except that 
the production of streptolysin was more constant. Indeed, the problem would 
not appear to be one of the temperature of incubation, but rather in having 
a culture in the active phase of growth ; this can be obtained equally well at 
37° C. by shortening the time of incubation. Sealing of the tubes with vaseline 
hardly improved the yield. 

As a minimal hemolytic dose of 0-05 c.c. was obtained by incubating at 
37° C. under aerobic conditions, this method was adopted in most experiments. 

Streptolysin produced in serum broth proved readily filterable, and Seitz 
filtrates showed about the same titres as Chamberland filtrates. There was 
also very little absorption of streptolysin by the filter candles, as shown by the 
fact that the first fraction of the filtrate contained nearly as much streptolysin 
as the rest. 

Serum-streptolysin kept at room temperature only becomes inactive after 
some days. This inactivation is partially due to oxidation, and can therefore 
in part be reactivated by reduction. 


TaBLE I.—Progressive Inactivation of Serum-sireptolysin kept at Room Tem- 
perature and its Reactivation by Reduction. 

Time elapsed after Minimal hemolytic dose in c.c. 
filtration in days. Untreated. Reduced. 
0-2 
0-5 
1-0 
>1-0* 
>1-0* 

: >1-0* 
1] , >1-0** 
Ta : >1-0** 
* Partial hemolysis with this dose; ** no hemolysis with this dose. 
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As Table I shows, freshly prepared serum-streptolysin, 0-2 c.c. of which 
dissolves completely 0-5 c.c. of a 5 p.c. suspension of rabbit red cells, slowly 
loses its lytic activity, and after 5 days standing at room temperature even 
1:0 c.c. no longer completely lyses red cells. Lytic activity is restored by 
reduction, and 24 hours after preparation of the filtrate the full titre can be 
recovered. Subsequently, however, the possibility of achieving this becomes 
progressively less, until after about a fortnight reduction is ineffective. 

As the results reported by other authors (Channon and McLeod, 1929 ; 
Todd, 1932b) are somewhat at variance, the reduction of serum-streptolysin 
which had lost its hemolytic titre in whole or in part was repeated several 
times with different batches of filtrate. Similar results to those given in 
Table I were always obtained. 

Serum-streptolysin kept at 37° C. loses its hemolytic activity much more 
rapidly. Serum streptolysin of high potency was exposed to air in a shallow 
layer at 37°C. and samples tested at intervals for hemolytic activity. As will 
be seen from the results of this experiment, recorded in Table IT, the M.H.D. 
dropped rapidly from 0-05 c.c. to 0-4 c.c. in one hour ; after 5 hours only traces 
of hemolysin could be detected. 


TaBLE II.—Progressive Inactivation of Serum-streptolysin by Exposure to Air 
at 37° C. and its Reactivation by Reduction. 
Time of exposure Minimal hemolytic dose in c.c. 
in hours. Untreated. Reduced. 
0 ‘ 0:05 : 0:05 
0-40 ‘ 0-20 
0:40 i 0-20 
0-50 P 0:50 
>0-50* ‘ 0-50 
>0-50* : 0-50 
’ >0-50** ; 0-50 
16 ‘ >0-50** ; >0-50* 
18 : >0-50** ; >0-50** 


* Partial hemolysis with this dose ; ** no hemolysis with this dose. 


Reduction restores the hemolytic activity, but only in part, and to a degree 
which diminishes progressively with time. After 18 hours the hemolysin 
appears to be irreversibly oxidized. 

That serum hemolysin is liable to oxidation can also be demonstrated by 
the action of hydrogen peroxide on it. Though it is remarkably resistant, a 
definite rise in the M.H.D. from 0°05 c.c. to more than 0°5 c.c. was recorded 
when hydrogen peroxide in a dilution 1 in 20 was allowed to act at room tem- 
perature for 48 hours ; the M.H.D. of the control without hydrogen peroxide, 
but otherwise under the same conditions, rose only to 0-2 ¢.c. 


Hemolysin Produced in Serum-free Media. 


It was the consideration that streptolysin of this animal strain might be 
particularly susceptible to oxidation that induced us first to adopt the method 


16 
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—described above—of cultivation in a medium containing cysteine under 
vaseline seal. It is true that incubation in sealed tubes of tryptic bicarbonate 
broth without cysteine sometimes yielded hemolysin—a finding never obtained 
under aerobic conditions. But the former result was never obtained regularly, 
nor was the yield as good as from cysteine broth. The superiority of the 
cysteine medium seems to be due to several different factors. First, owing 
to the fact that the tryptic bicarbonate broth must not be boiled, a large 
amount of oxygen remains dissolved in the medium, so that true anaerobic 
conditions do not obtain. With the cysteine medium anaerobic conditions are 
attained almost immediately, and further, throughout the whole time of growth, 
the cysteine keeps the oxidation-reduction potential at that low level without 
which secretion of this streptolysin is apparently not possible. Finally, the 
streptolysin—once produced—is never threatened by oxidation. Even during 
and after filtration the negative potential is maintained, as can be seen by the 
addition of methylene-blue, which becomes decolorised. Oxidation is thus 
avoided also during this process when it is so liable to occur. 

Cultures incubated for 48 hours at 25° C. (incubation for 24 hours gave a 
scanty growth only with this medium and at this temperature), or for 17 hours 
at 37° C., yielded streptolysins of which the M.H.Ds. were 0-2 to 0-3c.c. It 
was found, however, that the cultures incubated at 25° C. gave streptolysins 
having slightly better titres than those incubated at 37° C. 

The hemolytic activity of filtrates, which was lost by storing in the cold 
or at room temperature, could easily be restored by reduction. For instance, 
a serum-free hemolysin with an M.H.D. of 0:3 c.c. after 48 hours’ storage in 
the ice-box gave a mere trace of hemolysis, but reduction restored it to full 
activity. The only difference in this respect between the hemolysin produced 
by this animal strain and that of the Dochez strain was that the titre of the 
former, as time went on, showed a tendency to drop, so that after storing in 
the cold for about one fortnight no more lytic activity was demonstrable after 
reduction. We cannot yet decide whether this difference between strepto- 
lysins from animal and human strains, which we found well preserved after 
months of storing, is an intrinsic one or merely due to external factors, such as 
slightly different conditions of storage. Yet it seems more probable to us 
that that fraction of hemolysin which once oxidized can no more be reduced, 
forms a greater part of streptolysin from animal than from human strains. 
The existence of such a component was described first by Neill and Mallory 
(1926). 


DISCUSSION. 


The properties of the hemolysin produced by this mouse strain in media 
containing serum closely resembles the hemolysin derived from human strepto- 
cocci as described by McLeod (1912), Channon and McLeod (1929) and Todd 
(1932a, 6). It was readily filterable, and exhibited marked resistance to inacti- 
vation by oxidation. We found no difficulty in partially restoring deteriorated 
serum-streptolysin by means of reduction, which is in keeping with the work 
of Channon and McLeod, but not with that of Todd (1928, 1932b), who con- 
sidered that the deterioration of serum-streptolysin could not be attributed to 
oxidation. We are of the opinion that the ‘‘ neutralization’ which accompanies 
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the oxidation can very well conceal the latter reaction, and that with 
some strains the superseding of reversible inactivation by the “ neutralizing ” 
factor proceeds so rapidly that the presence of the period of reversible 
inactivation—due to oxidation—may be difficult to detect. The streptolysin 
produced in serum-free media by our animal strain resembles the corresponding 
hemolysin secreted by human streptococci, but, like other animal strains, 
it is difficult or almost impossible to produce hemolysin from this strain under 
conditions well suited to the production of hemolysin from human strains. 
As suggested by Todd (1934) this difference may be due to increased lability 
to oxidation and sensitiveness to acid and heat. Todd (1934). has concluded 
from his investigations that the hemolysins derived from animal strains 
belonging to the groups B and C are not subject to reversible oxidation and 
reduction. Our findings with this mouse strain (Group C) are in disagreement 
with this. We think, however, that this difference of reversible oxidation 
and reduction is not a fundamental one. It may well be\that in the course 
of time an increasing fraction becomes irreversibly oxidized. If this fraction 
forms a major portion at the outset, the hemolysin will soon become irreversibly 
inactive, whereas, if it is initially small, restoration by reduction to powerful 
activity will be possible over a long period. Viewed this way the extremes 
are represented by certain animal strains described by Todd and the known 
human strains. In the case of the former the irreversible fraction is so over- 
whelming that the small fraction subject to reversible oxidation is entirely 
veiled. With these strains cultivation in a medium containing cysteine, such 
as we have employed, might render possible the detection of the latter fraction. 
With the hemolysin derived from human streptococci the fraction which becomes 
irreversibly oxidized appears negligible compared with the fraction which 
can be fully restored by reduction. The mouse strains with which we have 
worked would thus occupy a position midway between these two extremes, 
and looked at this way the difference in these hemolysins becomes quantitative 
rather than qualitative. 

Further work is required to find out whether this view is consistent with 
another difference between human and animal hemolysin described by Todd 
(1934). The former, but not the latter, proved to be antigenic in vivo as well 
as in neutralization by an antihemolytic serum in vitro. In this connection 
it may be of interest that streptococci from human infections also secrete a 
second kind of hemolysin, which is neither subject to the reversible oxidation 
and reduction and which apparently is not antigenic (Todd, 1934). 

For a further classification of hemolysin the different susceptibility to 
oxidation may be of some value, for the oxidation-reduction potentials are 
measurable by exact methods. 


SUMMARY. 


1. A method is described for the preparation of hemolysin in a serum-free 
medium from streptococci derived from an animal infection. The medium 
consists of tryptic bicarbonate broth to which cysteine hydrochloride is 
added. The negative oxidation-reduction potential, maintained in this medium 
during the whole period of incubation and filtration, allows the secretion and 
harvesting of a potent streptolysin. 


tie ee 
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2. The serum-free hemolysin of this animal strain is subject to reversible 
oxidation and reduction. 

3. Heemolysin produced by this strain in serum broth is not readily oxidized, 
and its titre can be raised again by reduction, when it has dropped during 
storage. 


The senior author is indebted to the Academic Assistance Council for a 
grant. 
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Wayson (1927), when investigating an epizootic amongst native meadow 
mice and house mice in California, from which he isolated Hrysipelothriz 
muriseptica, described lesions of an acute septicemia with enlarged lymphatic 
glands, pin-point areas of necrosis in the liver and spleen, pneumonia, and a 
purulent conjunctivitis. 

Whilst carrying out the routine examination of dead mice from the normal 
stock kept at this Institute, during the period from September, 1933, to March, 
1934, it was noticed that some of them, usually small mice of 12-15 g. weight, 
showed small discrete greyish-white areas in the liver about 1-2 mm. in 
diameter. These areas usually took the form of pits scattered over the surface 
of the liver, but in some instances the organ had a peculiar mottled appearance 
extending over the whole surface. Microscopically the lesions appeared as 
round areas of necrosis almost devoid of histological structure, surrounded by 
an outer zone containing numerous leucocytes. Scattered through the lobe 
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were two or three broken-down areas filled with hemoglobin. In sections 
stained with hematoxylin and eosin the central necrotic zone remained almost 
unstained. A purulent conjunctivitis was also noted in these cases, and very 
frequently a peculiar gelatinous appearance of the abdominal organs. The 
spleen was usually enlarged to two or three times its normal size. 

During the period under discussion only a small proportion of the stock 
mice were affected, usually two or three in a cage of 50 young mice would 
die, and never more than 9 were found dead in a room containing 400-500 
mice. During the months of November to March 393 mice were examined, 
and 59 of these showed liver lesions. 


Isolation and Characters of the Organism. 


Cultures were made from the heart blood and liver of all mice showing 
lesions, on nutrient agar, serum agar, nutrient broth and serum broth. On 
five separate occasions from different batches of mice a growth was obtained 
from the liver only on a nutrient agar plate after 48 hours’ incubation at 
37°C. All five strains isolated from the mice appeared to be identical, both 
morphologically and serologically. 

Morphology.—The organism isolated appeared as a small slender rod about 
ly in length by 0-2 yu in breadth, non-motile, non-sporulating and Gram- 
positive. 

Cultural characteristics.—The colonies on nutrient agar appeared as small, 
translucent, discrete, dewdrop-like raised points about 0-5 mm. in diameter, 
which showed no tendency to increase in size on further incubation. In 
nutrient broth the organism produced a fine uniform growth, which on standing 
at room temperature settled to the bottom as a slimy viscous growth, leaving 
the supernatant fluid clear. A characteristic growth was obtained in gelatin 
stab culture, the growth starting as fine white points in the needle track, 
spreading as a fine white haze into the surrounding media, and in 10-14 days’ 
time giving the typical ‘ test-tube brush ” appearance associated with the 
growth of the organism LHrysipelothrix rhusiopathie. The gelatin was not 
liquefied after 8 weeks’ incubation at 22° C. 

As growth was so meagre on the media first used, other types of media were 
tried, and it was found that a much richer growth was obtained with a peptone 
broth as recommended by Kolle* for the growth of the organism of swine 
erysipelas. This broth was made by boiling 1 lb. of fat-free ox muscle in 
5 litres of water; this was filtered through filter-paper, and 2 p.c. Witte 
peptone and 0-5 p.c. NaCl added to the filtrate. The pH was adjusted to 
7-3 with N/1 NaOH. It was then boiled for a further 2 hours, filtered, tubed 
and sterilized. 

Biochemical reactions.—Fermentation tests were carried out with all five 
mouse strains in parallel with two pig strains of the organism of swine erysipelas 
obtained from Germany, and all strains tested gave the same reactions when 
grown in 2 p.c. peptone water sugars. Acid was produced only in glucose, 
lactose, saccharose, galactose and raffinose after 48 hours’ incubation ; no 


* Prof. Kolle had, in a personal communication to Major G. W. Dunkin, described his method 
of preparation, and I am indebted to the latter for this information. 
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change occurred in salacin, mannite, maltose, dulcite, levulose, xylose, arabinose 
and inosite after 10 days’ incubation. In litmus milk slight acidity was 
produced in 24 hours, but on further incubation the reaction became neutral 
again. H,S was produced and nitrates reduced by all strains. Indole, 
Voges-Proskauer, methyl red, methylene-blue reduction and catalase tests 
were all negative. 

These fermentation reactions are not in complete agreement with those 
obtained by Cornell and Glover (1925) with the strain of Erysipelothrix rhusio- 
pathie which they obtained from an outbreak of polyarthritis in lambs, but 
these writers found that similar reactions were given by a pig strain of the 
organism tested in parallel with the lamb strain. Wayson (1927) obtained 
different results with his mouse strain, and Topley and Wilson (1929) also 
record different reactions, but they mention that the reactions are liable to 
vary. 

Serological reactions——A commercial swine erysipelas serum agglutinated 
both the mouse and pig strains at a dilution of 1/3400. 

Agglutinating sera were prepared against mouse strain 3 (M.S.3) and 
pig strain 8. (P.S.8.) by intravenous inoculation into rabbits of heat-killed* 
suspensions of the organisms. The mouse and pig strains of the organism 
were agglutinated by the M.S.3 serum in a dilution of 1/15,000, and by the 
P.S.8. serum in a dilution of 1/10,000. Agglutinin absorption tests showed 
that all agglutinins were absorbed from the P.S.S. serum by suspensions of the 
mouse strains (M.S.3 and M.S.1 only were tested), and both pig strains absorbed 
all the agglutinins from the M.S.3 serum. 


Pathogenicity and Virulence. 
Inoculation Experiments. 


The mouse strains all proved equally virulent to mice by intravenous, 
intraperitoneal or subcutaneous inoculation ; 0-2 c.c. of an 18-hour broth 
culture inoculated into groups of 3 mice by each route killed all mice within 
60 hours, the organism being recovered from the heart-blood, liver and spleen. 

Suspensions of living organisms were injected in varying doses into 42 
mice in order to find the minimum lethal dose. Agar plate cultures were 
incubated for 24 hours, the growth was washed off with saline and the sus- 
pension was adjusted by means of opacity tubes to contain about 100 million 
organisms per c.c. Doses of the suspension from 0-5 to 0-05 c.c. were inocu- 
lated intravenously into 18 mice, 3 mice receiving each dose. All the mice 
died within 72 hours, the organism being recovered from the heart blood in 
each case. Further dilutions were made and inoculated intravenously into 
batches of 3 mice, and it was found that approximately 500,000 organisms 
injected either intravenously or intraperitoneally killed 12 out of 12 mice 
within 8 days ; 300,000 organisms killed 6 out of 9 mice in 10 days. 

The pathogenicity of the mouse strain organism was compared with a 
pig strain by inoculation into pigeons and rabbits. An agar plate was 
inoculated with each strain, in this case M.S.1 and P.S.S. After 48 hours’ 
incubation the growth was washed off each plate with 3 c.c. of saline, and one 


* In killing suspensions of the organism it was found that heating for 1 hour at 56°C. in & 
water-bath was not always sufficient, but that 20 minutes at 60° C. invariably killed all suspensions. 
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pigeon and one rabbit were inoculated with each strain, the pigeons receiving 
0-5 ¢.c. intramuscularly and the rabbits 1 ¢.c. intravenously. Apart from 
some swelling of the inoculated ear neither rabbit showed any symptoms. 
The pigeon that received M.S.1 intramuscularly died in 4 days and the 
organism was recovered from the heart blood and liver. The pigeon that 
received the P.S.S. inoculation showed little reaction except for taking no 
food on the 5th day. 

A protection experiment was carried out with mice with the commercial 
serum that was used for the agglutination tests. Mice weighing 20-22 g. 
were inoculated intraperitoneally with a suspension of a 24-hour culture of 
M.8.3 adjusted to contain about 10 million organisms per c.c. This was 
followed 4 hours later by doses of serum by the same route. The results are 
shown in Table I. 


TaBLE I.—Protection of Mice by means of Commercial Swine Erysipelas 
Serum. 
Dose of suspension 
of M.S.3. 


Dose of serum. Result. 


+ 60 hours. 
+ 60 9? 
+ 60 


Number of mice. 
3 : 0-2 c.c. 


0-05 c.c. 


0:1 c.c. ; 0-02 c.c. 


+ =Dead. — = Alive. 


In the case of dead mice the organism was recovered from the heart blood in each case. The 
times stated in the “‘ result ’’ column are the maximal times; death may have taken place 15 hours 
earlier. 


The 6 mice which survived the experiment were each given 0-3 c.c. of a 
similar suspension of M.S.3, 3 weeks later. All survived, and when killed 14 
days after the second injection, attempts at cultivation of the organism from 
heart blood and liver failed. 

Six mice were also inoculated per rectum with 0-2 c.c. of a 24-hour culture 
of M.S.1 by means of a fine glass pipette fitted to a glass syringe. Three 
out of the 6 mice died, on the 3rd, 5th and 10th days respectively, the organism 
being recovered from the heart blood and liver in each case. The remaining 
three were killed on the 15th day after injection, and efforts to recover the 
organism from heart blood and liver failed. 
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Feeding Experiments. 

Experiment 1.—A batch of 6 mice weighing between 20-22 g. were fed on 
two consecutive days with a small quantity of mash to which had been added 
10 c.c. of a 24-hour broth culture of M.S.1. All the mice remained normal, 
and at 6 weeks were killed, when no lesions were observed on examination. 
Attempts at cultivation of the organism from the heart blood and liver failed. 
This result differs from that obtained by Wayson (1927), who was able to kill 
laboratory mice by feeding them on breadcrumbs soaked in a broth culture 
of his strain of Hrysipelothrix muriseptica. 

Experiment 2.—Two batches of 6 mice were given their usual feed of mash 
at 4 p.m.; they received no food during the following day, and then the next 
morning at 10 o’clock they were given a small feed of mash mixed with 15 c.c. 
of a 24-hour broth culture of M.8.1 (Batch I), or M.S.5 (Batch II). A control 
batch of 6 mice received their mash mixed with 15 c.c. of a culture of M.S.1 
without previous starvation. The results are shown in Table II. 


TaBLE II.—Effect of Previous Starvation on the Infectivity of the 
Organism. 


Mouse Mouse Mouse Batch III. M.S.1 
No. Batch I. M.8.1. | No. Batch II. M.8.5. No. without starvation. 


1 . D.in6days. H.B.and| 1 . D.in4days. Cultures} 1 . K. in 20 days. Cultures 
liver cultures + | mixed | 

. D.in7 days. H.B. and | . K. in 20 days. Cul- | ; Ditto. 

liver cultures + tures — | 

. K. in 20 days. Cul- | Ditto 

tures — 





2 
3 
Ditto | 4 
5 
6 


” 


It was noted that after the mice had been starved for 36 hours their body 
temperature was considerably lowered and that they sat huddled up together 
with coats staring, and it was thought that this lowering of temperature 
probably enabled the organisms to penetrate through the alimentary tract. 

Borthwick (1934) found that the exposure of guinea-pigs to a low tem- 
perature before intragastric administration of cultures of Vibrion septique 
helped the penetration of the organisms through the gastro-intestinal mucosa. 
This author found also that the administration of food at 0° C. did not help 
the penetration of the organism. 

Further feeding experiments were carried out on mice of 17—18 g. weight 
in batches of twelve. The mice were starved for the same length of time in all 
the feeding experiments. 

Experiment 3.—Twelve mice in Batch I received 20 c.c. of a 24-hour broth 
culture of M.S.1 in their mash after previous starvation. All survived till 
they were killed 14 days later, when attempts to recover the organism from 
the heart blood and liver failed. Batch II mice received 20 c.c. of a 24-hour 
culture of P.S.S. after previous starvation. Four died within 6 days, and 
from three of these the organism was recovered from the heart blood and 
liver. From the fourth it was recovered from the heart blood only, but the 
intestines showed the peculiar gelatinous appearance that was noted in 
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naturally occurring cases. The remaining 8 mice in this batch were killed 
14 days after receiving the infected mash, and none of them showed any 
abnormalities on examination except for enlargement of the spleen in most 
instances. All attempts to cultivate the organism from the tissues failed. 
Batch ITI received a mash containing 20 c.c. of a 24-hour broth culture of 
P.S.S. without previous starvation. No mice died, and when they were killed 
14 days later all attempts to recover the organism failed. 

Experiment 4.—Three batches, each consisting of 25 mice of 12-15 g. 
weight, received 30 c.c. of an 18-hour broth culture of one or other strain of 
the organism after the usual period of starvation; a fourth batch received 
organisms without previous starvation. Attempts at cultivation of the 
organism from all the mice which survived until the end of the experiment 
failed, except in the case of 2 mice from which the organism was recovered 
from the heart blood and liver. In 6 of the mice which died during the 
experiment some change was noted in the liver, and in 2 cases microscopic 
examination showed small areas of necrosis. The results of the experiment 
are shown in Table ITI. 


TABLE III.—Feeding Experiment 4. 
Dose and nature of culture. Mouse No. 


30 c.c. 18-hour broth culture. M.S. 1 


Batch No. 
of mice. 


30 c.c. 18-hour broth culture, M.S 3 


30 c.c. 18-hour broth culture. P.S.S. 


55-75 


TV. F 30 c.c. 18-hour broth culture M.S. 3 without . 16 ; 
Controls starvation 77-100 . 


1 day. 
30 days. 


Notes.—D. = dead and organism recovered from heart blood and liver. K. = killed and 
organism not recovered from heart blood and liver (except in two cases). 


RD REY ROSSybyyyy AyD 


Experiment 5.—Five mouse and 2 pig strains were tested on batches of 
25 mice. At the same time an additional batch of mice was given a 24-hour 
peptone broth culture of a hemolytic streptococcus isolated from a mouse, 
and 25 mice were starved for 24 hours as a control to the feeding experiment. 
The mice were of 12-14 g. weight. The cultures were administered in doses 
of 30 ¢.c., after the usual period of starvation. 
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As in the previous experiment, attempts to cultivate the organisms from 
the mice killed at the end of the experiment failed, except in the case of 2 mice 
in Batch I and 2 in Batch VIII from which the organism given was recovered 
from the heart blood only. Again, as in Experiment 4, 6 of the mice which 
died during the experiment showed some changes in the liver, and in two 
of these microscopic examination showed early lesions of necrosis. The 
results are shown in Table IV. 


TABLE IV.—Feeding Experiment 5. 
Dose and nature of culture. Mouse No. 


30 c.c. 24-hour peptone broth culture M.S.1 . 1-2 
3 


4-5 
6-25* 


26 
27 
28-29 
30 
31 
32-50 


51 
52 
53-75 


76 
77-100 


101 
102 
103-125 . 


126 
| 
128-150 . 


- 161-152 . 
153 
154 
155 
156—Ci«( 

157-175 . 


30 c.c. am Po ag 176 = 
lytic streptococcus 177-179 . 
180, 

181-200* . 


IX, a Controls. Starved only . ‘ : : . 210-225 . 


Notes.—D. = dead and organism recovered from heart blood and liver. K. = killed and 
organism not recovered from heart blood and liver. 
* In each of these groups the organism was recovered from two mice, but only from heart blood. 
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5 
6 
38 
8 
40 
4 
12 
41 


a 
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The necessity of previous starvation for the production of infection with 
the hemolytic streptococcus was not controlled in Experiment 5, but in a 
later experiment in which the streptococcus. was fed to 6 mice without 
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starvation none of the animals died, nor was the organism recovered from 
them when they were killed on the 14th day. 


SUMMARY. 


1. An organism closely resembling Erysipelothrix muriseptica isolated from 
liver lesions occurring in stock mice is described. 

2. Serologically, culturally and morphologically this organism is indistin- 
guishable from Hrysipelothriz rhusiopathie. 

3. Normal mice could be infected by feeding them with cultures of the ' 
organism provided that they were first subjected to a period of starvation. 
In a few instances early lesions of necrosis in the liver were produced. 


My thanks are due to Capt. 8S. R. Douglas, F.R.S., for many helpful 
suggestions ; to Major G. W. Dunkin for help at all times, and also for the 
two strains of Erysipelothrix rhusiopathie ; and to Dr. Wilson Smith for many 
suggestions, and also the strain of hemolytic streptococcus from a mouse. 
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DuRING a series of metabolic studies (Victor and Potter, 1935) on the lymph- 
nodes of non-leukemic mice of strain C58, in which strain the incidence of 
spontaneous lymphatic leukemia is 90 p.c. in animals more than 6 months old 
(MacDowell and Richter, 1925), it was observed that there were differences 
between the metabolism of lymphoid tissues from young (6-8 weeks old) 
normal animals and old (6-9 months old) normal animals. In the older group 
the oxygen consumption was lower, but the aerobic and anaerobic glycolytic 
rates were higher. This increase in glycolytic rate in adult tissues of morpho- 
logically normal mice is unprecedented. However, increased aerobic and 














244 » J. VICTOR AND J. S. POTTER. 


anaerobic glycolysis is characteristic of carcinoma, sarcoma (Warburg, 1930) 
and leukemia cells (Glover, Daland and Schmitz, 1930; Jackson, Parker and 
Glover, 1930; Schmitz and Glover, 1927; Victor and Potter, 1933, 1935; 
Victor and Wintersteiner, 1934). The metabolic changes in normal lymphoid 
tissue of strain C58 raise the question whether the change might be coincident 
with or precede the malignant change. The first step was to determine whether 
this change is specific for strain C58. Therefore four other strains having very 
low incidents of spontaneous leukemia were studied and compared with strain 
C58 ; the results of this study are reported in this paper. 


MATERIAL AND METHOD. 


The five different strains of mice studied (strains C58, Storrs-Little, 89, 
Dbr, and B. alb.) were inbred by brother and sister matings at the Department 
of Genetics, Carnegie Institution of Washington, Cold Spring Harbour, Long 
Island. Table I shows the genetic characteristics, the duration of inbreeding 
and the incidence of spontaneous lymphatic leukemia in each strain of mice. 
Strain C58 is the only one in which the incidence was high. In each strain the 
young group ranged between the ages of 6-8 weeks, the old group, 6-10 months. 

Blood-counts and smears were made immediately before using the mice 
of the older group. The mice were killed by pressure on the cervical vertebre. 
In all cases complete autopsies, with microscopic studies of the significant 
organs, including the tissues actually used in the experiments, were made. 
The lymph-nodes were rapidly dissected, sectioned in glucose-free Ringer’s 
solution to slices 0-2-0-3 mm. thick, and weighed to 0-2 mg. on a Roller-Smith 
torsion balance after blotting with filter-paper to remove excess fluid. It was 
necessary to combine the lymph-nodes of 3 or 4 young mice and of 2 or 3 old 
ones to obtain sufficient material for metabolic measurements. All hemor- 
rhagic, congested or fatty lymph-nodes were discarded. The moisture content 
was estimated as 0-8 (Stern and Reinemer, 1931), and corrected by this factor. 
The tissues were then placed in Fenn differential volumeters (Fenn, 1927). 

The oxygen consumption was measured in Ringer’s solution, consisting of 
0-9 p.c. NaCl, 0-022 p.c. KCl and 0-0236 p.c. CaCl,, with a phosphate buffer pH 


TABLE I.—Characteristics of Five Strains used in these Experiments. 


bape od Incid f Incid f oth 
y brother- ncidence o: ncidence of other 
Strain. sister matings leukemia. tumours. Genetic characteristics. 


C58 te ee 90 p.c. . ae - Black, tail bands, feet white, 
dark eyes. 

1-3 p.c. . 65p.c.mammary' . Pink-eyed, dilute brown, buff 

(310 autopsies) (19-29 generation) colour,normal behaviour, ears, 
eyes and tails, 

89 « SO . Very low é Very low - Brown agouti (cinnamon), ner- 

vous, never become fat. 
Dilute brown . 1909 . Neverreported . Mammary, . Dilute brown, lean, small litters. 
very high 


Storrs-Little . 1923 


Genetic determinant for dark- 
eyed, brown agouti; normal 
eyed, eared, tailed and footed, 
without behaviour habits; 
large litters. 


1922. Very low 





white, 


, buff 
r, ears, 


), ner- 
itters. 

dark- 
1ormal 


footed, 
a bits ; 
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7-44, 10 mg. P per 100 c.c. Pure oxygen was used ‘in the vessels. The 
Q a and Q vl were measured in Ringer’s solution, containing 2:5 x 10-2 
molar NaHCO, and 0-2 p.c. glucose. A control respirometer contained the 
tissue in Ringer’s solution and 2-5 x 10-2 molar NaHCO . 95 p.c: O, to 5 p.c. 
CO, were in the control respirometer and the one for measuring the aerobic 
glycolysis, and 95 p.c. N, to 5 p.c. CO, in the respirometer for measuring the 
anaerobic glycolysis. The gas mixtures were bubbled through the solutions 
for 30 minutes before placing the solutions into the respirometers. The 
respirometer vessels containing the solution and tissues were flushed with the 
gases for 10 minutes before placing them into the water-bath. The tempera- 
ture was 37-5° C. + 0-005. The respirometers were shaken 180-200 times a 
minute through an arc of 5cm. The results are expressed as follows : 
Q __ emm. O, consumed per hour 
3, eS mg. (dry weight) 

Q 0, _ cmm. CO, equivalent to acid (aerobic) per hour 

os ee mg. (dry weight) ; 
Q N, _ ¢.mm.CO, equivalent to acid (anaerobic) per hour 

oOo, mg. (dry weight) 











RESULTS. 
Table II contains the individual observations of the Q Oo, Q, iid and Q - 
of the lymph-nodes of mice of five strains—C58, Storrs- Little, “89, Dbr, ie 


Metabolic Rates of Lymph Nodes from Five Different Strains 
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C58 


Storrs-Little . —0- 


89 
Dbr 
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89 
Dbr 
Bagg-albino . 


Storrs-Little 
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046+ 0:19 . 24. —0-:26+4 0-18 . 1-4 


0-98 +017. 58. 0374016. 23. 
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Bagg-Albino. Table III is a summary of these results, showing the arithmetic 
means, their probable errors and the standard deviations. Table IV is a 
summary of the differences of the means of the metabolism of old and young 
mice. Table V is a summary of the metabolic differences between each strain. 
When the difference is three or more times the probable error, it is considered 
statistically significant. The significant differences are italicized. Fig. 1 isa 
graphic representation of these results. 

Between the ages of 2 and 6 months, the rate of oxygen consumption of the 
lymph-nodes of normal mice decreased. This change in respiratory rate was 
common to all the strains. 

There were differences in the rates of oxygen consumption of the lymph-nodes 
of normal mice of different genetic constitutions. These are summarized in 
Table V. Various respiratory rates were observed in the lymph-nodes of old 
as well as young mice. 


The Q ah and Q ft. of the lymph-nodes of normal mice of four of the five 


2 
strains studied decreased between the ages of 2 and 6 months. Furthermore, the rates 
of aerobic and anaerobic glycolysis of the lymph-nodes of normal young mice of 


different strains showed no significant differences. A decreased Q ~ and 
2 


Q a has been observed in ageing embryonic and adult tissues. This will be 
2 
discussed in detail later. In these experiments the decreased glycolytic rate 
was observed only in lymph-nodes derived from strains in which spontaneous 
lymphatic leukemia is rare, namely, strains Storrs-Little, 89, Dilute-brown 
(Dbr) and Bagg-Albino. Furthermore, there were no significant differences 
in glycolytic rates between these strains at either age. The differences in 
aerobic glycolysis associated with age differences were statistically significant 
in strain Storrs-Little and Dbr. Strains 89 and Bagg-Albino showed changes 
in the same direction as strains Storrs-Little and Dbr, although these changes 
were not significant. The age-differences in anaerobic glycolysis were signifi- 
cant in strains Storrs-Little, Dbr and Bagg-albino. In strain 89, although the 


decrease in Q ei was not significant, it was in the same direction as in the 
2 


three other strains. 

On the other hand, the rate of aerobic and anaerobic glycolysis of the lymph- 
nodes of strain C58, the strain in which lymphatic leukemia occurs spontaneously 
in 90 p.c. of mice living over 6 months, increases with age. This increased 
glycolytic rate obtains when the comparisons are made with lymph-nodes of 
young mice of the same C58 strain, or with those of old mice of the other 
strains. 


DISCUSSION. 


The metabolic differences between the mouse strains in these experiments 
were due only to genetic differences. In regard to season, sex, food and life 
experience, conditions were similar in the same age-groups. The observations 
were made by alternate use of the various strains to avoid any possible seasonal 
influence. All the mice were born and: bred at Cold Spring Harbour and were 


17 
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personally carried to New York by train and to the laboratory vid subway. 
They spent about 1-2 weeks in the New York laboratory before being used for 
metabolic studies. The genetic differences have been tabulated above. 

In addition, two of the strains, C58 and Storrs-Little, were shown to have a 
differential susceptibility to transmissible leukemia by the injection of line I 
during part of its history (MacDowell and Richter, 1932), and to have different 
effects on the metabolism of 2 lines of cells (Victor and Potter, 1934). 

The decreased respiratory rates noted in the lymph-nodes of older mice 
have many parallels in metabolic changes in plants (Hover and Gustafson, 
1927), man (Dubois, 1927), immature rats (Davis and Hastings, 1934), embryos 
(Murray, 1927), embryonic tissues and cells growing in tissue culture (Warburg 
and Kubowitz, 1927). Hawkins (1927) found that the excised liver tissue of 
rats had a Q 0» of 13-2 at 3-21 days and 9-4 at 12 months. Although neither 


the individual observations nor the statistical significance of the means 
was recorded, this change is in the same direction as that observed in these 
experiments. On the other hand, the livers from rats 22 months old had a 
mean Q 0. of 11-5, showing an increase over the 12 months’ group. Whether 


the respiratory metabolism of other tissues of animals of different genetic 
constitutions differs is unknown. Hawkins does not state whether the rats 
in his experiments were of the same strain. The differences in the Q 0. of 


liver at different ages may have been influenced by genetic constitutional factors. 

Aerobic glycolytic rates have been reported higher in younger than in older 
embryos (Kumanomido, 1928), in younger tissue cultures than in older (War- 
burg and Kubowitz, 1927), and in younger human placente than in older 
(Loeser, 1926). Rosenthal and Lasnitzki (1928) found that the aerobic glyco- 
lysis of foetal rat liver was higher than that of young rats 1-21 days old. They 
add that later the rat liver shows a slight increase in aerobic glycolysis. Not 
enough observations were made in either age-group to bear out these state- 
ments. The aerobic glycolysis of rat kidney was likewise found to be less in 
the young than in the feetal rat. So far as one can accept statements regarding 
comparisons between embryos at different ages and a few observations on 
adult tissues, it may be stated that the aerobic glycolysis rate of tissues decreases 
with age. Only one exception to this has been reported, namely, that of the 


retina. Tamiya (1927) has found that the Q a of the embryonic retina 
2 


increases with age. 
According to Needham (1931) the Qo oe declines with age. The investi- 


gations supporting this represented work on ce liver, kidney, embryo (whole), 
chorion, placenta, chick embryo (whole), chick embryo liver, human placenta, 
and cultures of fibroblasts. The only comparable set of data on adult tissue 
found in the literature is that of Hawkins (1927). In studies on the liver 


metabolism of three age-groups he observed that the Q “7 decreased with age. 
2 


The Q = and Q 0. he considered as showing no appreciable change. It may 
2 
be stated, then, that the metabolic changes with age in lymph-nodes from mice 
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of strains Storrs-Little, 89, Dbr and Bagg-Albino are similar to those reported 
for other tissues. 

However, the increase with age in aerobic and anaerobic glycolytic rates 
of the lymph-nodes of strain C58 has no parallel in other tissues. Although 
chicken retina shows an increased glycolytic rate in the embryo (Tamiya, 1927), 
not enough data are available regarding adult retina to say whether the 


Q ee increases with age. In fact, the few observations of Tamiya with 
2 
chickens, 1 year and 4 years old, showed a lower anaerobic glycolytic rate in 


the older ones. 

Increased glycolysis has been associated with increased growth-rates, 
and has been found to be a characteristic biochemical reaction of embryonic 
and tumour tissues and also of tissue cultures. Although it has been suggested 
that normal tissues adept this type of metabolism, namely, an increased 


and Q , when becoming malignant, it has never been proved. One 
2 2 


reason is that the metabolism of incipient malignancy has never been compared 
with that of normal tissues of the same cell type, 7. e. the metabolism of normal 
cells has not been studied while the cells were undergoing malignant changes. 
Comparisons between the metabolism of malignant transmission lines of 
lymphatic leukemia and normal lymphoid cells have been reported by Victor 


and Wintersteiner (1934). The Q on and Qo 2 4 of the cells of transmission 


lines were greater than those of seinen lymphoid cells. It has also been 
found by Victor and Potter (1935) that the lymphoid tissue in spontaneous 
lymphatic leukemia in mice has an increased glycolytic rate. Spontaneous 
lymphatic leukemia in strain C58 begins to appear clinically after the mice 
are 6 months old (MacDowell and Richter, 1935). An increased glycolytic 
rate was found in the lymphoid tissue of these mice at this same age, even 
when the lymphoid tissue was morphologically normal, as judged by blood- 
counts, autopsies, histological appearance of tissues and the cytological appear- 
ance of the lymphoid cells. The changes in the rates of aerobic and anaerobic 
glycolysis of these morphologically normal lymphoid tissues were in the same 
direction, but not quantitatively of the same degree as those found in the malig- 
nant tissues of spontaneous or transmitted lymphatic leukemia. Since this 
type of metabolism is peculiar to the leukemic strain C58, it is plausible to 
suppose that the leukemia would have developed, if the animals had lived, 
from the lymphoid tissues studied metabolically. If this is true, cells may show 
the metabolic changes of malignancy before any morphological evidence of 
their malignancy becomes manifest. However, it is possible that the metabolic 
changes observed in the lymphoid tissues of strain C58 were due to the presence 
of leukemia cells that could not be detected histologically. This is being 
investigated by transmission experiments. 


SUMMARY AND CONCLUSION. 


1. The metabolism of the lymph-nodes of five different strains of mice was 
studied at two age-periods—6-8 weeks and 6-10 months. 
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2. Among the young animals of the strains studied there were differences 
in respiratory rates, but no significant differences in aerobic or anaerobic 
glycolysis. 

3. The rate of oxygen consumption in the older groups of all strains was 
less than that of the younger. 

4. The aerobic and anaerobic glycolytic rates of four of the five strains, 
namely, Storrs-Little, 89, Dbr and Bagg-Albino, were lower in the older group. 
Lymphatic leukemia rarely occurs in these strains. 

5. The morphologically normal lymphoid tissue of older mice of strain 
C58, in which spontaneous lymphatic leukeemia occurs in 90 p.c. of mice over 
6 months old, had higher aerobic and anaerobic glycolytic rates than those of 
younger mice. In this strain, an altered metabolism of the lymphoid tissue 
in the direction of malignancy preceded any morphological evidence of leukemia. 


We are indebted to Margaret R. Prest for assistance in these experiments. 
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METABOLIC studies of the lymph-nodes derived from spontaneous cases of 
lymphatic leukemia in man have recently been reported by Jackson, Parker 
and Glover (1930). The present communication deals with spontaneous cases 
in mice. Other reports in this series (Victor and Potter, 1933, 1934; Victor 
and Wintersteiner, 1934) have been concerned with the metabolism of lymph- 
nodes of mice inoculated with different lines of transmissible lymphatic 
leukemia. As previously, oxygen consumption and aerobic and anaerobic 
glycolysis have been studied, and in addition, the effect of glucose on the oxygen 
consumption and the respiratory quotient. 


MATERIAL. 


This report is based on infiltrated lymph-nodes from 23 mice from strain 
C58. This strain has been described in several previous papers. The incidence 
_ of spontaneous leukemia in this strain will be the subject of another paper. 
The diagnosis of lymphatic leukemia was made from blood-counts, smears, 
and gross and microscopic findings at autopsy. The ages ranged from 8 to 
15 months. The lymph-nodes were taken from well-developed cases, but 
before the terminal stages. No necrotic, hemorrhagic or congested tissue was 
used. A control series of 28 normal mice of the same strain, 6 to 9 months of 
age, was similarly studied. 


APPARATUS FOR R.Q. MEASUREMENTS. 


The oxygen consumption and CO, production were measured simultaneously in a single con- 
stant-pressure differential volumeter. The principle was similar to that described by Dixon and 
Keilin (1933), and Dickens and Greville (19336). The constant-pressure differential volumeter 
described by Fenn (1932) has both vessels attached to a horizontally-placed capillary containing 
a drop of kerosene. Any change in volume in either vessel produces a change in the position of 
the drop in the capillary, since the pressure in both vessels is constant. Each end of the capillary 
has a three-way stopcock, which enables the vessels to be connected to the air or the capillary 
in pairs, or all together. When this volumeter is used for the study of R.Q., equal weights are 
put into equal volumes of medium in the two vessels, which are of equal or approximately equal 
size. Excess of acid is tipped into one vessel at the beginning of the experiment, into the other 
at the end. Following the acidification of the contents of the first bottle, the movement of the 
index drop is due to the utilization of oxygen by the tissues in the second bottle and the absorption 








254 J. VICTOR AND J. S. POTTER. 


of the CO, produced by an alkali solution contained in an inset. At the end of the experiment, 
after excess acid is tipped on the contents of the second bottle, the movement of the index drop 
is due to the elimination of CO, produced and the CO, preformed in the tissue and medium. The 
preformed CO, is determined by absorption with alkali in the first bottle. After the deflection 
bas ceased the preformed CO, and respiratory CO, are determined in a similar way in the second 
bottle. The first deflection subtracted from the second is the CO, produced during the experiment, 
so that the R.Q. can be calculated. 

More specifically, the apparatus is constructed as follows: Certain modifications by Jares 
(personal communication) in the relative position of the capillary to the stopcocks were made. 
The stopcocks were vertical instead of horizontal, and the capillary was beneath their level. For 
the measurement of R.Q. the only modification was in the use of special vessels of a new design. 
These are illustrated below. The control vessel (Fig. la), i. e. the one used for determination of 
preformed CO,, contained two bulbs (a and 8) in series with each other and in communication 
with the main chamber (c) through a slope of 45°. Directly opposite them was a hollow stopcock 
(Ss), attached rather high to the main chamber. This stopcock could be made to communicate 
with the chamber by means of a wide opening (0) in one side. The contents of both bulbs could 
be emptied into the main chamber by one tip of the respirometer. The acid was placed in the 
peripheral bulb (a) through a stopcock (&) and the alkali in the proximal bulb, so that tilting at 
an angle slightly over 45° acidified the dilute alkali, the tissue, and the fluids with one manceuvre. 

The experimental vessel (Fig. 1, a and 6) contained two bulbs (F and @), connected at an angle 
of 60° with the main chamber and 90° with respect to each other. A hollow stopcock (s), similar 
to the one in the control vessel, was attached to the main chamber diametrically opposite the mid- 
point between the two bulbs. The ground joints(J), by means of which the flasks were attached to 
the capillary, had lips on the end of the inner portions. This prevented any fluid from running 
back into the capillary. 

Both types of vessels had a capacity of about 18 to 20 c.c., the hollow stopcocks of about 
0:4 c.c. The vessels were attached to the capillary, so that tilting the control bottle through an 
angle of 45° would introduce no fluid from the bulbs of the experimental bottle into the chamber. 
The capillary bores had a volume of about 10 c.mm./cm. — 


METHOD. 


The aerobic and anaerobic glycolysis was measured as described by Warburg, using 2-5 x 10-* 
molar bicarbonate in Ringer’s solution in equilibrium with 95 p.c. O, and 5 p.c. CO, mixture in 
the control respirometer. Ringer’s solution with 0-2 p.c. glucose and 2-5 x 10-* molar bicar- 
bonate in equilibrium with 95 p.c. O, and 5 p.c. CO,, and 95 p.c. N, and 5 p.c. CO., were used 
for determining excess aerobic and anaerobic glycolysis respectively. Fenn differential volu- 
meters were used. At the end of the experiment the tissues were placed in Flemming’s fixative 
and studied microscopically. 

If the Q 9, and Q oo, were determined with and without glucose in the Ringer’s solution, 
then no control respirometer was necessary in the excess aerobic and anaerobic glycolysis deter- 
minations. In fact, in tissue where the R.Q. or the oxygen consumption is affected by the presence 
of glucose, the method of Warburg (1930) for glycolysis determination leads to errors (Crabtree, 
1929). By adding the differences between the Q 9, and Q co, in the presence and absence of 


glucose to the excess CO, produced in the aerobic glycolysis respirometer, a true value for the 
excess acid produced is obtained. Likewise, for the anaerobic glycolysis, the excess CO, produced 
added to the difference of the Q 9, and Q co, without glucose is equal to the true excess anaerobic 
acid production. 

The mice were killed by pressure on the cervical vertebre. The infiltrated lymph-nodes were 
sectioned 0-2 to 0-3 mm. thick by means of scissors in Ringer’s solution containing 0-9 p.c. NaCl, 
0-022 p.c. KCl and 0-0236 p.c. CaCl,. Then the tissue pooled from all the sectioned nodes was 
blotted with filter-paper to remove excess fluid, weighed to 0-2 mg. on a Roller-Smith torsion 
balance and placed in the respirometer flasks containing appropriate solutions. Gas was run 
through the flasks for 10 minutes, having been previously bubbled through the solutions for 
30 minutes. While the oxygen consumption of the R.Q. determinations was recorded the 
chambers of the flasks contained 1 c.c. of Ringer’s solution with 10 mg. phosphate buffer pH 7-44 
per 100 c.c. In one of the two side arms attached to each flask was placed 0-2 c.c. saturated 
Ba(OH), solution, in the other, 0-6 c.c. of 2-5 N HCl. The precautions outlined by Dickens 
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Fic. 1.—a and a, side arm for acid; B and Ff, side arm for Ba(OH),; oc, chamber for tissue 
and nutrient solution; s, hollow stopcock for NaOH; 0, opening in hollow stopcock ; 
J, ground joint for attachment of bottle to capillary—note flange at opening of inner portion 
to prevent access of fluid into capillary. 
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and Simer (1930) for the introduction of Ba(OH), were observed. In the hollow stopcock (s) 
were 0-5 c.c. of 0:2 N NaOH (see Fig. 1). About 30 minutes elapsed between the death of the 
mouse and placing the respirometers into a thermostatically controlled water-bath. The tem- 
perature was 37-5° C. + -005. The thermostat was controlled by a thyrotron relay. The respiro- 
meters were shaken through an arc of 5 cm., 180 to 200 times a minute. The stopcocks (s) com- 
municated with the respirometer chambers for 10 minutes after immersion in the water-bath 
and were then turned off. The chambers were connected to each other through the capillary 
by means of three-way stopcocks. Then, the respirometer being at temperature equilibrium, 
the acid in the control flask was dumped on the Ba(OH),, tissue and Ringer’s solution by tilting 
the respirometer through an angle of 45°. Immediately and for three or four minutes after 
acidification of the contents of the control flask, readings of the position of the drop of kerosene 
in the capillary were taken. Two changes were taking place in the flask: (1) a decrease in vapour 
pressure (Fenn, 1932), (2) liberation of preformed CO,. The readings became constant after 
three or four minutes, and subsequent changes were due only to the oxygen consumption by the 
tissue in the experimental flask. After an interval of time, depending on the rate of oxygen 
consumption and the amount of tissue, the tissue and contents of the experimental flask were 
acidified by tipping and mixing the contents of the side arms. Readings were taken during the 
interval between acidification of the contents of the experimental and control flasks. After about 
10 minutes the indicator drop remained stationary, and the hollow stopcock (s) containing NaOH 
was turned into the control chamber and the preformed CO, was absorbed by the alkali. This 
took about # hour. After the indicator had ceased moving, the hollow stopcock (s) of the 
experimental flask was turned to absorb the preformed CO, together with that produced while 
the oxygen consumption was measured. 


CALCULATIONS. 


Let V, gas space of control vessel. 
Vas e of hollow stopcock of control vessel. 
yy, = a. of experimental vessel. 
% = of hollow stopcock of experimental vessel. 

(The gas space was obtained by deducting the total fluid and tissue volume 
contained in the vessel and stopcocks from the volume of the vessels and hollow 
stopcocks. The specific gravity of the tissue was assumed to be 1-0.) 

= volume of fluid in control vessel. 
»% = ,, Of fluid in experimental vessel. 
= »» per centimetre of capillary of respirometer. 
weight of tissue in milligrammes in control vessel. 
,, of tissue in milligrammes in experimental vessel. 
barometric pressure in millimetres Hg. 
vapour pressure at 37-5° C. 
temperature, degrees Centigrade. 
deflection of indicator in centimetres. 
= coefficient of solubility of CO, in Ringer’s solution at 38° C. 
(0-517 according to Dickens and Simers (1930)). 

Then, flask constant (K,) for oxygen consumption when the contents of the 
control flask are acidified is calculated as follows : 

Va 
Vy 
b a+ 1 


a 


Pp 


eee OE, 
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Total O, consumption during experimental period = K, x d. 


, : K, d 

O, consumption per mg. per min. = ay a 
c.mm, O, consumed per hour 

mg. (dry wt.) 
c.mm. CO, produced per hour 

mg. (dry wt.) 
Q 0, _ ¢.mm. CO, equivalent to acid (aerobic) per hour, 

CO, mg. (dry wt.) 

Q N, _ e.mm. CO, equivalent to acid (anaerobic) per hour, 





%o. 








Q co, = 








CO, mg. (dry wt.) 


The constant (K,) for the flask in which the preformed CO, was measured is : 


P<. 273 
K, = a “ioe Ren 





where a, = 7 
and 6, = ——— 


Let H, = the CO, combined in tissue and solution. 
a U% 
ae A eae 


The constant (K,) for the flask in which the preformed CO, and the 
respiratory CO, were measured is : 


Hy, = 4d Ky (1+ 


at P—p 273 
K, = bs xe x 760 XT 273 ° . r (4) 


_ Va t+ Yas 


when dy, ‘eee 
1s 


and b, “> . 


a2 
Let H, = the sum of the preformed and respiratory CO,. 


aU 
B, 4Bi04 ge a 

The preformed CO, (H,) is equal to the sum of the CO, eontent of the 
solutions and CO, of the tissue. As already stated, if the weight of the tissues 
in both flasks is identical, then the CO, produced is equal to H, — Hy. 

If the tissue weights differ, the CO, content of the solutions must be deter- 
mined directly. However, if two respirometers with the same tissues of different 
weights are being studied at the same time, then the CO, content of the tissues 
and solutions may be determined by the following calculation : The preformed 
CO, (A) of the control flask is equal to the CO, in the tissue (a) plus the CO, 
in the solution (X). The preformed CO, (B) of the second control flask is 
equal to the CO, in the tissue (b) plus the CO, in the solution (X), since the 
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solution in both flasks is the same. The ratio ; = <s, the ratio of the weight 
b 


of the two tissues. 

Then— a ; ‘ ; : A ce 
+ es et Be a 
(8) 

Combining the equations— 
ta8< OF —*) 

Wp — 
The method outlined above sei measures the CO, twice, first when the 
tissues are acidified, and second when the liberated CO, is absorbed by alkali. 
Since acidification of the tissue and solutions is associated with a fairly large 
vapour pressure change, the absorption of the CO, obviates the necessity of 


introducing a correction for vapour pressure. The correction can be obtained 
experimentally, but necessitates the use of a second respirometer. 


the CO, content of the solutions . (9) 


RESULTS. 
Table I shows the individual determinations of Q 0,” Q CO,’ R.Q. with 


and without glucose in the Ringer’s solution, Q 8 , and Q an: . The differences 
inQ 0, and R.Q. due to glucose are also idulieats as Q 0, and R.Q. Corrections 


of the control respirometer readings (column XI) for sveilale determinations 
are listed in columns XII and XIII, respectively, for aerobic and anaerobic 
glycolysis. The corrected glycolysis values are shown in the last two — 


of the table. Table II shows the individual determinations of Q 0, q° on 
2 


and Q eA of 28 normal mice of this strain, 6 to 9 months old. 
2 


The rate of oxygen consumption of the lymph-nodes of mice with spon- 
taneous lymphatic leukemia was decreased by glucose in a concentration of 
0-2 p.c. in Ringer’s solution. This occurred in 22 out of 23 cases (Fig. 2). 
The exceptional case, 26.iv.34, Table I, showed no change in its rate of oxygen 
consumption. The mean difference in oxygen consumption due to glucose 
was 1-36 c.mm./mg./hr., a decrease of 19 p.c. of the oxygen consumption with- 
out glucose. This difference is significant statistically, being 8-5 times its 
P.E. Several possible explanations are available for the mode of action of 
glucose. First, the energy production of the tissue may be decreased by glucose 
or its fermentation products; second, the energy derived from oxidation 
may be more efficient, 7. e. from combustion of carbohydrate ; third, energy 
may be derived from the fermentation of glucose ; and last, there may be a 
combination of any two or three of the possibilities mentioned. 

The R.Q. of the lymph-nodes was increased by 0-2 p.c. glucose in Ringer’s 
solution. The mean increase was from 0-833 + 0-011 to 0-922 + 0-01, or 0-089 
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SPONTANEOUS LYMPHATIC LEUKEMIA 
EFFECT OF GLUCOSE EFFECT OF GLUCOSE 
ON Qa, OF LYMPH NODES ON R.Q. OF LYMPH NODES 


RINGER RINGER 
SOLUTION SOLUTION SOLUTION 
+0.2% GLUCOSE +0.2% GLUCOSE 


Fia. 2.—The arrows indicate individual values obtained with and without glucose in Ringer’s 
solution. The straight lines connect the values for lymphoid tissue from the same case. 
Glucose decreased the Q 9, in 22 of 23 cases. The exceptional case showed no change. 


The R.Q. was increased in 16 of 18 instances. 


METABOLIC CHANGES IN LYMPH NODES OF MICE OF STRAIN C 58 
COMPARISON OF TWO AGE GROUPS WITH SPONTANEOUS LYMPHATIC LEUKEMIA 


Qo, , Oxygen Consumption ; ; ; 
normal ¢-svccks eT iecden” 
normal 6-9 months 2 alia 


spontaneou oS aT . 
fe) 1 2 . oe | 6 
Qc? , Aerobic Glycolysis 

normal 6-eweeks SD 

normal 6-9 months | 


sporlanenns (e". eT 
So eee Ss 


02, Anaerobic Glycolysis 
normal c-sweeks iT | 
norma! 6-9months a | 


o.4 2 86: 8 oe 10 11 


Fic. 3.—Arithmetic means (large rectangles) and their probable errors (small unshaded 
rectangles) of the metabolic rates of lymph-nodes of strain C58 mice. 
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TaBLE II.—Metabolism of Lymph-nodes of Mice of Strain C58, 6-9 Months Old. 
9 08, 208, 

1:8 

2-2 

3°5 

3°5 


4-2 
4:9 i . 
Mean ; 4-78 +: ‘ 3°04 +- 
Stan. dev. : -72 , -76 


+ 0-01. The increase was observed in 16 of 18 instances (see Fig. 3). In the two 
exceptions there was a decrease in the R.Q. of 0-02 and 0-06 respectively. The 
R.Q. of the tissues deprived of glucose suggests either a mixture of fat, carbo- 
hydrate, and protein metabolism, or if no carbohydrate at all is available, then 
it suggests an incomplete protein metabolism, or a mixture of fat and protein 
metabolism. The theoretical values of R.Q. from protein oxidation, assuming 
the complete elimination of the protein-nitrogen as ammonia, urea, or uric 
acid, are approximately 0-94, 0-8 and 0-7 respectively (Loewy, 1911). Since 
all but 1 of 18 of the observed respiratory quotients in the tissue deprived of 
glucose fall in this range, it is possible that protein combustion is the essential 
form of metabolism under such conditions. Twelve of 21 respiratory quotients 
in glucose and Ringer’s solution are above this theoretical range. They vary 
from 0-95 to 1:01. These may be due to pure carbohydrate combustion in 
some instances or to a mixture of protein and carbohydrate combustion. In 
most of the other cases where the R.Q. in the presence of glucose is within 
the range of incomplete protein combustion, the R.Q. has been increased 
by the glucose. This is further evidence for glucose combustion. These 
observations suggest that part of the energy lost by decreasing the oxygen 
consumption is replaced by a greater efficiency in oxidation, since it has been 
shown (Zuntz and Schumberg, 1901; Lusk, 1924) that the energy equivalent 
of oxygen consumption is less with low than with high R.Q. 

The aerobic fermentation of glucose into acids occurred in all of the 23 
cases. The fermentation of glucose is an additional source of compensation 


for energy lost in oxidation caused by glucose. The Q = seems to be some- 


2 
what greater in the cases where glucose has a greater effect in decreasing the 
oxygen consumption. 
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TaBLE III.— Metabolism of Lymph-nodes. 
Mice of Strain C58. 
0. N, 
Qo, 2 cd, 2 od, 
a Sy cali panne 
Mean. Stan. dev. Mean. Stan. dev. Mean. Stan. dev. 


(1) Normal, 6-8 weeks . ‘ . 6454-14 . 0-70 . 2134-10 . 052 . 568+ -35 . 1-80 

(2) Normal, 6-9 months . 478 + -13 . 0-72 . 3084-14 . 0-76. 7-82 + -23 . 1-28 

(3) Spontaneous lymphatic leu- . 5624-12 . 0-84 . 4324+ -22 . 1-55 . 1026+ -28 . 1-94 
kemia, 8-15 months 


Metabolic Differences. 


Significant differences are in italics. 


(1)—(2) 
(3)—(1) 
(3)—{2) 


The metabolic rates of lymph-nodes of mice, 8 to 15 months old, with 
spontaneous lymphatic leukemia were higher than those of normal mice, 6 to 
9 months old. The results were obtained with Warburg’s method. The 
mean Q ,, Q oF and Q 4 of the leukemic lymph-nodes were 5°62 + 0-12, 
4-32 + 0-22 and 10-26 + a 28 respectively, whereas those of the normal 
lymph-nodes were 4:78 + 0-13, 3-08 + 0-14, and 7-82 + 0-23. Fig. 3 and 
Table III show a comparison of the metabolic rates of the lymph-nodes of 
normal mice, 6 to 8 weeks old (Victor and Wintersteiner, 1934) and 6 to 9 
months old, with those from cases of spontaneous lymphatic leukemia. The 
mean Q 0, Was lower in the 6 to 9 months group and the same in the two other 


groups. The aerobic and anaerobic glycolytic rates were higher in the 6 to 
9 months group and highest in the spontaneous cases. 

The morphological studies showed a moderate variation in size of lesions 
and infiltrated regions. The cytological characteristics varied in few par- 
ticulars. The average number of mitotic figures in individual cases was not 
significantly different. They ranged from 1 p.c. to 2-5 p.c. This was judged 
by counting them in lymph-nodes and liver infiltrations in the same animal. 
Two hundred cells were studied in each section. 

In column XVI of Table I are listed the mean nuclear areas of 200 cells 
in liver and lymph-node lesions. The areas were obtained from planimeter 
analysis of camera lucida drawings. The smaller nuclei, characteristic of 
more mature cells, were associated with greater changes in R.Q. produced by 
glucose (column X, Table I). 


DISCUSSION. 


It has been pointed out by Warburg (1930) that the oxygen consumption 
of the Flexner-Jobling carcinoma was slightly decreased by glucose. Crabtree 
(1929) found that glucose decreased the respiration of the Jensen rat sarcoma. 
This was thought to be due to the glycolysis. On the other hand, Dickens 
and Greville (1933a) have since reported that the respiration of the Jensen 
rat sarcoma was not affected by glucose, but the R.Q. was slightly increased. 
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These differences in result might, in part, have been due to the variability of 
the hosts. It has been shown that different genetic constitutions of hosts 
may greatly alter the metabolism of transplanted leukemia cells (Victor and 
Potter, 1934). The experiments with leukzmic tissue derived from spon- 
taneous cases of lymphatic leukemia show that glucose decreases the respira- 
tion, increases the R.Q., the acid production and also the glucose combustion. 
These lymphoid tissues both ferment and oxidize glucose in the presence of 
oxygen. 

When spontaneous cases of lymphatic leukemia were compared with cases 
of transmitted lymphatic leukemia, many differences were found. Practically 
all spontaneous cases differ slightly from each other in their pathological, 
cytological and clinical pictures. The same is true of the metabolism. The 
coefficient of variability of the metabolism of the lymphoid tissues of individual 
transmission lines is less than that of a similar group of spontaneous cases 
(Victor and Wintersteiner, 1934). Although the variability of the metabolism 
of the lymph-nodes of spontaneous cases in mice is greater than that of the 
cells of transmission lines, it is not nearly so great as has been reported by 
Jackson, Parker and Glover (1930), who worked with human material. In 
their experiments four normal lymph-nodes had a Q o, Tanging from 0-6 to 


11-8. The nodes from 14 cases of lymphoma, which included lymphosarcoma, 
lymphatic leukemias, lymphocytoma, lymphoblastoma and reticulum cell 
sarcoma showed variations from 0-7 to 12-6 in Q O., with a coefficient of 


variability of 71. This variation is almost five times that observed in these 
mice with spontaneous lymphatic leukemia. The reasons for the variations 
in metabolism observed by those authors are not apparent. It may be that 
the great variety of tumours studied was responsible. Their observations 
on “‘ glycolytic ’’ rates show similar deviations. However, their method used 
for glycolysis determinations, namely, the disappearance of sugar from the 
nutrient medium, does not distinguish between fermentation and oxidation 
of glucose. 

Cytologically spontaneous cases of lymphatic leukemia show fewer immature 
cell forms in the infiltrated lymphoid tissue than the lymphoid tissue of mice 
inoculated with transmission lines. As far as the metabolism is concerned, 
none of the 23 cases studied had a rate of glycolysis as great as three transmission 
lines already reported, i.e. lines I, M-spleen-D and M-liver (personal com- 
munication). Cell types similar to those found in the lymphoid tissue of mice 
inoculated with these transmission lines may be found in the lymphoid tissue 
of spontaneous cases. These facts suggest that the metabolic observations 
in experiments with spontaneous cases are resultants of mixtures of normal 
and leukemic lymphoid cell metabolism. 

In a study (Victor and Wintersteiner, 1934) of the metabolism of cells of 
different lines of transmissible mouse leukemia, the rates of oxygen consump- 
tion of the different lines of cells were found to be equal to or greater than 
normal. In none of the lines was it less. The glycolytic rates were greater 
than normal. The same relationships obtained when the lymphoid cells of 
mice, 8 to 15 months old, with spontaneous lymphatic leukemia were compared 
with normal cells from mice 6 to 9 months old. These experiments are the 
only ones with which we are familiar in which the metabolism of normal cells 
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of one type was compared with that of malignant cells of the same type. 
Warburg’s (1930) conclusion that malignant tumours have a lower oxygen 
consumption than normal tissues was based upon contrasts between malignant 
tumours of certain organs with normal tissues of other organs. 

Comparison in strain C58 of the metabolism of the lymph-nodes of young 
mice, 6 to 8 weeks old, with that of older mice, 6 to 9 months old, showed some 
interesting differences. The oxygen consumption was lower in the older 
group. This is similar to the findings of Davis and Hastings (1934) on ageing 
embryonic tissue and immature rats. On the other hand, the rates of aerobic 
and anaerobic glycolysis were higher in the older group. This is an unpre- 
cedented change in the metabolism of normal ageing tissue. Needham (1931), 
referring mainly to embryonic tissue, states ‘that in general the N.G.R.* 
declines with age. This has been found true in several investigations ”. 
Hawkins (1928) found that the glycolytic rate of rat livers was lower at 22 
and 12 months than at one month. Strain C58 has a very high incidence of 
spontaneous lymphatic leukemia in mice over 6 months old (MacDowell 
and Richter, 1935). Whether the increased glycolytic rate of lymphoid tissue 
in older mice is a universal phenomenon or specific for this strain C58 is a subject 
for further investigation. 

Lymph-nodes of young mice, 6 to 8 weeks old, have about the same rate 
of oxygen consumption as those from mice with spontaneous lymphatic 
leukemia ; but mice at an age comparable to the leukemic group have a 
lower Qo,. This indicates the necessity of controlling age in metabolic 
studies. 


SUMMARY AND CONCLUSION. 


1. The metabolism of lymph-nodes of mice of strain C58, in which spon- 
taneous lymphatic leukemia occurs in a very high incidence after six months 
of age, was studied. The lymph-nodes of normal mice 6 to 9 months old were 
compared with those of mice 8 to 15 months old with spontaneous lymphatic 
leukemia. The rates of aerobic and anaerobic glycolysis as well as the effects 
of glucose on the rates of oxygen consumption and the respiratory quotients 
were determined. 

2. A method for simultaneously measuring oxygen consumption and 
respiratory quotient in a single constant pressure differential volumeter is 
described. 

3. Glucose decreased the rates of oxygen consumption and increased the 
respiratory quotients of lymph-nodes from cases of spontaneous lymphatic 
leukemia. These tissues oxidize and ferment glucose. 

4, The rates of oxygen consumption and aerobic and anaerobic glycolysis 
were higher in lymph-nodes of mice with spontaneous lymphatic leukemia 
than in those of normal mice. 

5. The glycolytic rates of lymph-nodes from cases of spontaneous lymphatic 
leukzemia were not as great as those observed with transmission lines. 

6. The rates of oxygen consumption of lymph-nodes of mice 6 to 9 months 
old were lower than those from mice 6 to 8 weeks old. On the other hand, 
both the aerobic and anaerobic glycolytic rates were higher in the older group. 
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We are indebted to Miss Margaret R. Prest for assistance throughout these 
experiments. 
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COMPARATIVELY few experimental studies have been made on the relation- 
skip of renal damage and hypertension, and many of these are open to the 
criticism that the method of observing the blood-pressure has been unreliable. 
Mosler (1912), Paessler and Heineke (1905), Janeway (1913) and Hartwich 
(1930) have produced hypertension experimentally by various methods of 
reducing the functioning renal tissue, ranging from ligation of the branches 
of the renal artery to bilateral. nephrectomy. Anderson (1926) deprived 
rabbits of 60-70 p.c. of their renal tissue and failed to observe hypertension. 
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To summarize these types of experiments it may be concluded that the 
balance of opinion is against the occurrence of hypertension after unilateral 
and bilateral nephrectomy. On the other hand, hypertension would appear 
to follow the progressive reduction of renal tissue either by excision or by 
vascular ligation, especially when the minimum amount of renal tissue neces- 
sary for life is being approached. It is apparently as yet undecided whether 
this hypertension requires for its production the presence of necrotic renal 
tissue or not, although the balance of opinion is rather in favour of Paessler 
and Heineke (1905) and Janeway (1913), who maintain that it is independent 
of such a factor. 

Backmann (1916), Rautenberg (1910) and Hartwich (1930) found hyper- 
tension to follow both unilateral and bilateral ligation of the ureter. Bell 
and Pederson (1930) found hypertension to follow partial obstruction of the 
venous return from the kidney. Hanzal, Goldblatt, Lynch and Somerville 
(1934) observed hypertension in association with progressive compression of 
the renal artery. Hartmann, Bolliger and Doub (1926) damaged dogs’ kidneys 
with X-rays and observed hypertension. 

As far as we know there has only been one attempt to investigate the blood- 
pressure in experimental nephritis caused by chemical agents. Dominguez 
(1928) investigated the blood-pressure in rabbits the subject of uranium 
nephritis. He observed no hypertension. 

Oxalate nephritis—In our search for a nephrotoxic substance which might 
produce hypertension we decided to try the effects of sodium oxalate. Dunn, 
Haworth and Jones (1924) and Browne and Dodds (1928) have carried out 
detailed investigations of the effect of oxalate on renal function and histology, 
but not on the blood-pressure. 


METHODS. 


Investigations of the relationship of experimental renal damage to the blood- 
pressure have been greatly hampered by the difficulty of performing repeated 
painless estimations of the blood-pressure in laboratory animals. Of the 
various possible methods we considered the most satisfactory to be the carotid 
loop method originally devised by Van Leersum (1911). This consists of the 
operative exteriorization of the common carotid artery and its enclosure in 
a tubular strip of skin cut from the front of the neck. It has the advantage 
that the pressure may be said to be truly representative of the arterial blood- 
pressure ; it is easily recorded, and the animal soon becomes accustomed to 
the procedure. It has the disadvantage that each animal has to undergo a 
somewhat laborious surgical procedure, which entails a certain small operative 
risk and a very considerable risk of coagulative necrosis of the skin of the 
loop, with consequent thrombosis of the artery. However, after having 
performed this operation on over one hundred occasions, it is our opinion that 
in the rabbit its advantages outweigh its disadvantages. In fact it is the only 
reliable method of carrying out repeated blood-pressure estimations in the 
rabbit over long periods of time. 

Chinchilla rabbits were used throughout the course of the experiments. 
Carotid loops were constructed after a modified Van Leersum technique. The 
blood-pressure was recorded from the loop by the apparatus described by 
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Kremer, Wright and Scarff (1933) with the addition of a flexible sheet-metal 
backing to the pressure bag. The animals soon became accustomed to the 
procedure and indifferent to the manipulations. As far as possible pressures 
were recorded twice daily. Hourly pressure records were taken during the 
twenty-four hours immediately following the first oxalate injection. These 
readings were controlled by a similar series of observations made during the 
control period. 

Fourteen animals were employed. Eight of these were placed on a relatively 
dry diet of oats and bran, with an occasional cabbage leaf with no water. 
The other 6 received a cabbage diet with water ad lib. One animal in each 
group served as a control. Twenty-four-hour urine volumes were observed, 
and the urine examined for albumin, urea content, specific gravity and, 
occasionally, blood. 

After a prolonged period of control lasting several weeks, the animals 
were given a course of sodium oxalate intravenously, the injection being 
repeated every second day. The initial dose was 50-60 mg. sodium oxalate, 
which was raised after two injections to 80-100 mg., depending on the weight 
of the animal. The control animals received equivalent volumes of normal 
sodium chloride solution intravenously, to eliminate the possibility that the 
mere bulk of fluid had any effect on the blood-pressure. Blood urea nitrogen 
readings were made on all animals during the control period, and on those 
animals which survived a period of three weeks of the oxalate injections. 


RESULTS. 


The average normal systolic pressure in the group of 14 rabbits was 96 
mm. Hg. Two of the rabbits fed on a dry diet were not included in the final 
statistical analysis, as in one of them there was evidence of a pre-existing 
spontaneous nephritis, while in the other a fault developed in the loop which 
rendered a reliable series of observations impossible. This resulted in a 
reduction of the “dry ” group to 6. It is worthy of note that the example of 
spontaneous nephritis showed a degree of hypertension considerably greater 
than the others. 

In order to render the observations comparable, the pressures of each 
animal were calculated as percentages of its average normal pressure during the 
control period. In the case of the animals on a “ dry ” diet the mean pressure 
for the 6 days immediately prior to the first oxalate injection was 98-3 p.c. + 
03 p.c. Following the injection of the oxalate there was a prompt elevation 
of the pressure, which reached a maximum of 135 p.c. on the eighth day. The 
mean pressure of the twelve days immediately succeeding the first injection 
was 122 p.c.+ 1 p.c. By the end of this period the pressure had subsided 
to an average level slightly in excess of that of the control period, although 
it now showed a pronounced instability. A smoothed curve was fitted by the 
usual methods to the observations during the hypertensive period, and it is 
indicated on the graph (Fig. 1) by a dotted line. Statistically the elevation of 
the pressure was highly significant. The hourly observations showed that the 
pressure began to rise within 9 hours of the first oxalate injection. 

The animals fed on a “‘ wet ’’ diet showed a similar, though less pronounced, 
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elevation of pressure (Fig. 2). The mean pressure of the last six days of the 
control period was 98-6 p.c. + 0-3 p.c. The maximum pressure of 128 p.c. was 
attained on the fifth day ; thereafter the pressure gradually fell to an average 
level considerably in excess of the control period. The mean pressure of the 


“DRY” DIET 


OXALATE 


6 © 1 4 6 18 20 22 & 86 2 


6 © i 4 6 16 20 2 2 26 26 


Fie. 2. 


CONTROL 


5 10 


Fig. 3. 


first 12 days of the injections was 111-5 p.c. + 0-7 p.c. Again this elevation 
was highly significant. The appearance of the hypertension was not so prompt 
as in the “dry ” group, a full day elapsing before the pressure commenced to 
rise. 

A statistical comparison of the degrees of hypertension observed in the two 
groups showed that of the ‘dry ” diet group to be significantly greater. 

The control animals showed no variation in pressure as a result of the 
repeated injections of normal saline (Fig. 3). 
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The volume of urine passed during the period of oxalate nephritis showed 
no significant variation from that of the control period in either group. Albu- 
minuria was constantly observed. Hzmaturia was only occasionally noticed. 
Blood urea nitrogen observations indicated a moderate elevation, reaching as 
high as 60 mg. p.c. in one animal. 

No animal died before the period of hypertension had passed off. At the 
end of 3 weeks after injections had commenced, 7 animals receiving oxalate 
survived. There was a 15-20 p.c. reduction in weight in the animals during 
the injection period. There were no changes in weight, such as would suggest 
the occurrence of cedema. 

Seven animals which had received oxalate injections have been submitted 
to complete post-mortem examination. The only feature of note were the 
kidneys, which, on naked-eye examination, were seen to be enlarged and pale, 
and were found to be relatively bloodless on sectioning. Sections stained by 
hematoxylin, by the azan method and for fat showed the changes associated 
with oxalate poisoning such as have already been described by Dunn, Haworth 
and Jones (1924), namely, intense swelling of the convoluted tubules with 
degeneration and necrosis. The glomeruli showed no definite structural 
change. The liver and other organs were found to be normal. 


DISCUSSION. 


The normal blood-pressure in the rabbit.—The first thing to be noted is that 
the average normal pressure in our group of 14 rabbits is 96 mm. Hg. This 
figure agrees well with the normal figures of 100 mm. given by Tigerstedt (1922) 
and 95 mm. by Koch and Koller (1932), both sets of figures being obtained by 
acute experiment. Kremer, Wright and Scarff (1933), using the carotid loop 
method, found the average normal pressure to be 95 mm. We agree with other 
writers that the range of 80-170 mm. as stated by Dominguez (1924) is alto- 
gether too wide an interpretation of the normal, and is probably dependent 
on the fact that he regarded all figures as significant, whether or not the animal 
struggled. We cannot regard as legitimate his statement that hypertension 
can only be said to exist when the pressure fluctuates persistently over 180 mm. 

From these results it would appear that repeated injection of sodium 
oxalate into rabbits results in a definite hypertension of approximately 12 days’ 
duration. Thereafter the pressure shows a pronounced instability, although it 
never reaches such a height as during the initial period of hypertension. This 
hypertension appears sooner, and is more pronounced in the case of animals 
fed on a ‘‘ dry ” diet. It is hardly surprising that there is to be found a differ- 
ence in the reaction of animals on such diets as the conditions of renal function 
are so widely dissimilar. Those on a “ dry ” diet produce scanty concentrated 
urine rarely in excess of 50 c.c. per diem, with occasional periods of anuria as 
long as 36 hours, whereas those on the “ wet ”’ diet pass as much as 500 c.c., 
and rarely less than 150 c.c. 

Whether or not this hypertension is of renal origin, the albuminuria, the 
nitrogen retention and the histological picture indicate that at least it is 
associated with renal damage. We are unable at present to advance any 
evidence as to the mechanism by which the pressure is elevated, although we 
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might suggest that it is in some way associated with glomerular ischemia 
resulting from the pressure exerted by the swollen tubular epithelium. The 
one common factor that is shared by most varieties of human renal disease 
associated with hypertension is some interference with glomerular circulation. 
It has to be realized, however, that owing to the widely dissimilar etiology 
and histology, experimental oxalate nephritis sheds little light on human 
glomerular nephritis. Rather do we hope that this experimental production 
of hypertension may provide a basis for the investigation of the as yet unsolved 
relationship between renal damage and hypertension. 


SUMMARY. 


1. Repeated intravenous injections of sodium oxalate into rabbits produced 
hypertension, as shown by blood-pressure estimations made by the carotid 
loop method of Van Leersum. 

2. The degree of hypertension is greater in animals fed on a dry diet of 
oats and bran than in those fed on a cabbage diet. 


We should like to express our gratitude to Prof. A. M. Drennan and Prof. 
R. W. Johnstone for their encouragement and interest in this work, and to 
Prof. D. P. D. Wilkie for the facilities of the operating theatre in the Surgical 
Research Department. The work was carried out during the tenure of one 
of us (W. M. A.) of a McCunn Medical Research Scholarship, and by the other 
(R. J. K.) of the Freeland Barbour Research Fellowship in Midwifery. We 
are indebted to the Earl of Moray Endowment for a contribution to the 
expenses. 
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THE virus studied in the experiments here reported was that of the rabbit 
fibroma described by Shope (1932). Two strains of this virus derived from the 
same fibromatous growth in a wild cottontail rabbit have been found to behave 
very differently when passed in series through domestic rabbits by intra- 
testicular inoculation. Thus, one strain has continued, just as described by 
Shope in his early observations, to produce on inoculation into a rabbit's 
skin or testis tumour-like masses apparently formed from rapidly-multiplying 
fibroblasts ; these masses have ultimately always regressed. Another strain 
has, through 32 serial transfers in rabbit testes, produced acute inflammatory 
reactions without fibroblastic proliferation. These facts have been briefly 
referred to by one of us (Andrewes, 1934), and will be described in detail in 
later communications. 

In studying the two strains of virus, which will be referred to as the fibro- 
matous and the inflammatory, doubts arose as to whether these produced 
their very different effects by attacking different types of cell, or by attacking 
one type of cell with differing degrees of virulence. Thus it might be imagined 
that the fibromatous strain could infect fibroblasts, and for a time at least 
stimulate them to multiply without killing them ; on the other hand, the more 
virulent inflammatory strain could be supposed to kill them quite quickly. In 
hopes of throwing light on this question the method of tissue-culture was 
employed. Though it has not solved our problem, the facts observed seem 
worth recording. 


Methods. 


Two methods were used in our studies. The first consisted of adding 
0:2 ¢.c of virus-containing fluid to a culture consisting of minced rabbit testis 
in a 5m. Carrel flask containing 2 c.c. of normal rabbit serum, or occasionally 
plasma, diluted 1 in 4 with Tyrode’s solution. Incubation was carried out 
at 37°C. In making transfers the whole culture was ground up with a pestle 
and mortar, and 0-2 ¢.c. of the resulting suspension used to inoculate the next 
culture. The method is a modification of Maitland’s (1928) technique, and is 
practically the same as that used in studies of Virus III (Andrewes, 1929). 

In the other method we employed as a culture medium tissue cultures 
growing on coverslips, according to the classical technique. The explants 
(rabbit testis) were grown in a clot formed of heparinized rabbit plasma with 
extract of rabbit spleen in Tyrode’s solution. Passages and titrations were 
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effected by pooling several cultures, grinding them in about 1 c.c. of Tyrode’s 
solution and centrifuging. The supernatant fluid was then treated in the 
same manner as the liquid from a Carrel flask. It is difficult to measure 
accurately the various components of such small cultures, or to estimate the 
dilution effected at each passage. The tissue employed was rabbit testis. 
Sometimes the gland was used when fresh, but more often it was cultivated 
for a variable period before being infected with the virus. Our object was to 
obtain pure cultures of, or at least cultures rich in, fibroblasts. After 3 or 
4 passages such cultures appear to be composed of more or less uniform, actively 
proliferating cells of the “ fibroblast ’’ type. It is difficult to be certain of the 
nature or of the origin of such cells, or of the degree of purity of any culture. 
But for the sake of convenience, such cultures are referred to below as fibro- 
blasts. In this manner on one occasion an adult testis was cultivated for 49 
days before we abandoned the strain of cells. 

Cultures made by either method were tested by intradermal inoculations 
of 0-1 c.c. quantities of fluid into the skin of a rabbit. 


Experiments with the Fibromatous Strain. 


Carrel-flask cultures of this strain were put up in minced rabbit testis with 
rabbit plasma, and transfers made at 4- or 5-day intervals. The primary 
culture proved to be active when tested on a rabbit’s skin, and the third culture 
in series was feebly so, but the virus had completely died out by the fourth. 
Attempted cultivation on cover-slips was no more successful. An attempt 


was also made to grow this strain in cultures of rabbit fibroblasts obtained as 
described above. We did this because the histological changes produced by 
this strain in vivo suggested that the fibroblast, or a precursor of it, was probably 
the susceptible cell, and further, Rous, McMaster and Hudack (1933) have 
found that the virus is taken up by or adsorbed on to rabbit fibroblasts in 
suspension. In one experiment fibroblasts cultivated 24 days were inoculated 
with virus, and titrated after 4 and again after 7 days’ incubation. On both 
occasions the virus was present and active in dilution of 1 in 100, but the 
passage from this culture proved non-infective. : 

Benjamin and Rivers (1931) were able to cultivate the rabbit myxoma 
virus, which is immunologically related to the fibroma virus, in mononuclear 
cells of pleural exudates from rabbits or in rabbit testes which had been irritated 
by injections of beef extract and gum acacia. They were unsuccessful with 
cultures of normal rabbit testes, though Haagen (1931) succeeded in growing 
myxoma virus in such cultures. We accordingly tried to grow the fibroma 
virus in cultures of monocytic cells from the exudate induced by injecting 
rabbits intrapleurally with beef extract and gum acacia (cf. Gay and Clark, 
1926) ; but even the primary culture was non-infective after 4 days’ cultivation. 

In a further experiment pieces of fibromatous tumour from an infected 
rabbit were planted in rabbit plasma in cover-slip cultures. The tissue was 
transplanted to fresh plasma medium every four days. A suspension of the 
tissue used to initiate the cultures was active when diluted 1: 1000. After 
8 days’ cultivation the cultures produced lesions in a dilution of 1 : 10,000; 
after 15 days’ cultivation in all it reached the same titre ; after 22 days the 
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value had fallen to 1: 100, and after 28 days it was active undiluted, but not 
in a 1: 10 dilution. The titre of the culture was estimated on each occasion 
by pooling the growths on four cover-slips, grinding them together with 1 c.c. 
of saline, centrifuging and titrating the supernatant fluid. The fall in titre 
corresponded with the occurrence of degeneration in the cultivated tissue. 
There was no evidence, however, of changes in the tissue which could be 
specifically attributed to the presence of the virus. 


Experiments with the Inflammatory Strain. 


Our éarlier experiments with the inflammatory strain tell the same tale of 
failure as those with the fibroma strain, and they need not be described in 
detail. In three attempts at cultivation in pieces of rabbit testis grown in . 
Carrel flasks in serum or plasma, we lost the virus once after the primary 
culture, and once after the first subculture; at the third trial we obtained 
positive results with occasional flasks of the third and fourth cultures in the 
series, but after that the virus died out. A primary culture in cells of pleural 
exudate was found to contain virus after 4 days’ cultivation, but the first 
subculture did not. When we injected cultures of mononuclear cells obtained 
from the buffy coat of rabbit blood, not even the primary culture produced 
lesions after cultivation for 3 days. Primary coverslip cultures on rabbit 
testis or rabbit fibroblasts were usually infective. On one occasion a primary 
culture in rabbit fibroblasts was active after 4 days’ incubation when diluted 
1: 10,000. In another experiment four pooled fibroblast cultures ground up 
and tested before incubation produced no lesions on the skin of a rabbit of 
proved susceptibility ; but after 3 days’ incubation four more cultures from 
the same lot proved positive in a dilution of 1: 1000. In spite of these 
hopeful results, subcultures in both these series were quite inactive. 

We were struck by the fact that in such early passages in tissue cultures as 
gave any positive results, these were very irregular ; some flasks would yield 
virus, others none. We accordingly modified our technique. Carrel flask 
cultures of rabbit testis in diluted rabbit serum were made as before. After 
incubation for 3, occasionally 4, days we removed from each flask 0-1 ¢.c. of 
fluid with a 1 c.c. syringe and tested all the samples on a rabbit’s skin. Mean- 
while the flasks were placed in the cold room at — 2°C. After 4 or 5 days we 
could decide from the size of the reactions on the rabbit which was the best 
flask to furnish virus for further subcultivation. Of the flasks of the primary 
culture, one gave a very good yield of virus and was used for passage ; nine 
others gave a poorer yield. In the second culture of the series, one, selected to 
passage, gave a plentiful growth of virus, three others fair and four poor growth. 
In the third in series one was good, seven rather poor and one very poor. After 
that the virus grew with great regularity, and we had no difficulties at all. Sample 
flasks from the fifth, sixth and eighth cultures in series were titrated ; the whole 
culture was ground up, centrifuged and falling ten-fold dilutions of the super- 
natant fluid were tested on a rabbit’s skin ; in each instance the culture was 
infective when diluted 1: 104. The virus used to initiate this series of cultures 
had a titre of 1 : 1000 ; each subculture represents a ten-fold dilution ; so that 
the result with the eighth subculture indicates a multiplication of virus at 
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least 10°-fold. Ninth and tenth serial cultures also gave very good takes, 
but were not titrated. “‘ Inflammatory ” virus which had been passed serially 
through 10 cultures was unchanged in its properties ; it still produced only 
inflammatory reactions in the rabbit’s testis. It cross-immunized with a strain 
which had not been cultivated in vitro and was neutralized by homologous 
antiserum. 

Attempted Cultivation in Fibroblasts. 


Having a strain adapted to growth in tissue cultures we wished to test 
whether this would also grow in cultures of fibroblasts. We first satisfied 
ourselves that it would multiply in cultures of testis grown on cover-slips. 
Then with virus of the sixth serial Carrel flask culture we infected cover-slip 
cultures of normal rabbit testis and of normal rabbit fibroblasts ; the latter 
had been growing in vitro for 12 days before inoculation. The testis-cultures 
were transferred after 4 and again after 4 more days. The primary cover-slip 
culture in testis gave a good take ; the second in the series was active when 
diluted 1: 1000; the third in the series also gave a good take, but was not 
titrated. Owing to the technique used it is difficult to give an exact figure for 
the dilution-factor at each transfer, but we had no doubt that the virus was 
multiplying satisfactorily. 

The primary culture on fibroblasts gave a feebly positive result when tested 
after 3 days ; transfer was made, also after 3 days’ cultivation, to other cultures 
of fibroblasts. This first subculture, tested after 3 days, proved non-infective, 
but the fibroblasts in the culture did not look at all healthy. 

Although we thus failed to propagate the fibroma virus serially in fibro- 
blasts, we do not regard our failure as proving conclusively that fibroblasts 
are not susceptible to infection by this strain of the virus. It is possible that 
-we might, with further efforts, have adapted it to growth in fibroblasts in 
vitro. 

Effect of the Virus on Cultures. 


We could not satisfy ourselves that cultures infected with fibroma virus 
showed any specific changes, though on several occasions we suspected that 
infected cover-slip cultures grew less well than controls. Shope (1932) 
reported that in its natural host, the cottontail rabbit, the virus would produce 
cytoplasmic inclusion-bodies in epithelial cells. These we have never seen in 
stained sections of pieces of our cultures fixed in Bouin’s fluid. In one culture, 
the fifth in the Carrel flask series, stained sections of eight cultures in rabbit 
epididymis each showed localized heaping-up of endothelial cells of the visceral 
layer of tunica. Many of these cells contained cytoplasmic bodies staining 
pink with eosin. No control cultures of epididymis without virus were set 
up on this occasion, and many efforts at finding the inclusion-like bodies in 
subsequent cultures were unavailing. There is no evidence, therefore, that 
the appearances were due to the fibroma virus. 


SUMMARY. 


Numerous attempts at growing strains of rabbit fibroma virus in various 
kinds of tissue-cultures were for long unsuccessful. We finally succeeded in 
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adapting the “inflammatory ” strain of virus to growth in cultures of rabbit 
testis by regularly selecting out of a number the one flask in which the virus 
had grown best, and using that to inoculate further cultures. After assisting 
the initial adaptation in this way, we were soon able to cultivate the virus 
without difficulty and passed it through ten cultures in series. 

We were unable to grow this culture-adapted virus in rabbit fibroblasts, but 
are reluctant to conclude from this failure that the virus cannot infect these 
cells in the living animal. 
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In 1933 three of us (W.S., C. H. A. and P. P. L.) reported that we had been 
able to propagate in ferrets a virus which we obtained from cases of influenza 
in man, and further, that human convalescent serum or serum from convales- 
cent ferrets could be shown to contain antibodies for this virus. The amount 
of serum obtainable from either of these species is limited, and we determined 
to attempt to obtain a hyperimmune serum from a large animal. For this 
purpose we enlisted the assistance of our colleague, Major Dunkin, and he 
has been responsible for the well-being and the inoculations of all the horses. 

As antigens for hyperimmunization we have used the turbinate and nasal 
mucose and the lungs of infected ferrets, these being the only tissues which 
we have found to be rich in virus. The tissue was minced and ground in a 
sterile mortar with sand to a fine paste ; sufficient saline (or equal parts of 
nutrient broth and saline) was added to make approximately a 10 p.c. suspen- 
sion of tissue, and all sand and coarse particles were eliminated by brisk 
centrifugation. The supernatant fluid was used as inoculum. 
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INSUSCEPTIBILITY OF THE HORSE TO HUMAN INFLUENZA VIRUS. 


Attempts have been made to infect 4 horses with influenza virus. The 
first horse received intranasally 20 c.c. of a virus suspension prepared from the 
nasal mucosa of a ferret as outlined above. No illness of any kind resulted. 
The second horse was given 20 c.c. of a similar virus preparation intratracheally. 
No sign of disease ensued. The subcutaneous injection of 40 c.c. of another 
virus preparation into a third horse did not induce any serious disturbance. 
There was slight and quite transient pyrexia soon after the injection and some 
slight local thickening developed at the injection site, but this rapidly subsided. 
The fourth horse was injected with 40 c.c. of a suspension of virus from a 
ferret which had been infected with the virus of swine influenza (Shope, 1931). 
No illness of any sort could be detected in the recipient. 

We have thus no evidence that influenza virus of human or porcine origin 
will infect horses. 


THE HYPERIMMUNIZATION OF HORSES. 


Each horse has been bled before the commencement of any experiment, so 
that samples of serum from blood withdrawn at later stages might be compared 
with normal serum from the same animal. 

The first horse to be hyperimmunized (IH2) was injected subcutaneously — 
at irregular intervals. Twelve injections, each of about 15 c.c. of virus suspen- 
sion from ferret nasal mucosa, were given in the first four months. At the end 
of this time we discovered that the ferret lungs, although they showed no 
obvious abnormality, contained significant amounts of virus, and since then 
all antigen preparations have been made from lung tissue alone. Later still 
we found that it was possible to produce lung consolidation in ferrets with 
our virus and that the pneumonic lung had a high virus content. The lungs 
are usually sterile, and seemed to us on that account preferable ; moreover, 
the total amount of virus in each injection could be increased. Six injections 
of lung virus were given in two months, the last four being given at intervals 
of less than one week. A sample of blood was taken, and the expressed serum 
was found to be potent in a dilution of 1 in 100. Two further injections of 
antigen were given, and the horse was bled out one week after the last injection. 
The injections caused no disturbance in this animal beyond slight and transient 
local thickenings at the injection sites. 

The horse ([H3) which received virus intratracheally was next hyperim- 
munized by repeated subcutaneous injections of ferret lung emulsion. The 
injections, each of about 50 c.c., were given in the course of two months, the last 
three being mixtures of human and pig strains of virus. In this case the 
horse appeared to develop sensitivity to the injected material, and considerable 
temperature rises and larger local swellings followed the later injections. After 
the tenth injection an abscess developed at the last injection site and the 
progress of the hyperimmunization was interrupted as a result. When this 
had resolved, under suitable treatment, one further injection was given, and 
one week later the serum was harvested. The mixture of viruses in hyper- 
immunization was intended to produce a serum valid against both human and 





INFLUENZA : PREPARATION OF IMMUNE SERA. 277 


hog influenza, but the reactions in the horse made it impossible to give a 
thorough course of mixed virus injections. 

Another horse ([H4) was immunized in the first place with the pig strain 
of virus only. Six injections of ferret lung emulsion containing Shope’s strain 
of hog influenza virus were given subcutaneously (dose 30 to 50 c.c.) in the 
course of one month. One week later a litre of blood was collected and the 
serum stored. After one month’s rest the hyperimmunization was recom- 
menced, and each injection then consisted of a mixture of human and porcine 
strains of influenza virus cultivated in ferrets. The injections have so far 
caused no trouble or disturbance in this animal apart from local thickening 
at the injection sites, and the hyperimmunization is still in progress. 


TESTS OF UNFRACTIONATED IMMUNE SERUM. 
Methods of Testing. 


Owing to the method of production of these hyperimmune horse-sera, 
appreciable amounts of antibodies for ferret cells are also present in addition 
to anti-virus constituents, and it was easy to demonstrate the presence of 
precipitins for the proteins of normal ferret serum, hemolytic amboceptor 
for ferret red cells, and complement fixation, when the serum was allowed to 
react with normal ferret lung emulsions in the presence of guinea-pig com- 
plement. Ferret antibodies of this kind render it impossible to utilize the 
serum for any experiment where injection of serum into ferrets is required, 
such as, for example, in experiments on passive immunity. Originally, 
therefore, the serum could only be tested on ferrets by the method of neutra- 
lization in vitro. The discovery that mice can be infected with the influenza 
virus enabled us to test the serum in three ways: 

(1) Instillation of mixtures of serum and virus intranasally. 

(2) The injection of serum into mice before virus was administered 
intranasally. 

(3) The injection of serum into mice at varying time intervals after 
they had been infected by the intranasal instillation of virus. 


Tests on Ferrets. 


Passage virus, 7. e. the supernatant fluid from a centrifuged 10 p.c. suspen- 
sion of infected lung or turbinate tissue, was mixed with an equal volume of 
serum, diluted or undiluted, and also with saline for control purposes. The 
mixtures were allowed to stand at room temperature for 10 minutes, and then 
1 c.c. of each mixture was instilled into the nostrils of normal ferrets. Each 
ferret was isolated throughout the period of observation. It was found that 
dilutions of hyperimmune serum up to a final dilution of 1 in 30 did, and that 
1 in 100 dilution usually did not inactivate passage virus. On the other hand, 
undiluted serum, before immunization, failed to inactivate even a 100-fold 
dilution of the virus. Experiments of this kind were limited in number 
owing to the lack of adequate accommodation for the isolation of ferrets, 
which is essential for accurate work with this species. The experiments 
showed clearly, however, that the first hyperimmune horse-serum ([H2) would 
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neutralize some hundreds of infective doses of virus, for our routine passage 
virus has never yet failed to infect a normal ferret when it has been diluted 
one hundred times, and will usually infect after a thousand-fold dilution. This 
method of testing the potency of serum was abandoned after it had been shown 
that it was better to use mice for the purpose. 


Tests on Mice. 


Mice are preferable to ferrets for work of this kind, quite apart from costs 
and ease of handling. The influenza virus does not spread readily in mice 
by simple contact, and it is thus permissible to group mice in boxes and test 
the value of any single procedure on a number of animals. Ferrets must be 
rigidly isolated from each other. If the number of mice be large, individual 
variation is offset by averaging the whole group. The risk of cross-infection 
from box to box is very small; indeed, we believe that it does not occur if 
simple precautions as to cleanliness are taken, and thus a number of boxes 
of mice can be housed in one room and numerous experiments carried out 
with limited accommodation. 


Virus-Serum Mizxtures. 


In our earlier experiments passage virus, made from mouse lung, was mixed 
with diminishing concentrations of the serum to be tested, and also with saline 
for control purposes. The mixtures were allowed to stand at room temperature 
for 10 minutes, and then each mixture was tested upon a number of mice. For 
this purpose 0-05 c.c. of a mixture was instilled under light ether anesthesia 
into the nostrils of each member of a group of mice. 

The mice were kept under observation for 6 or 7 days, and then all sur- 
vivors were chloroformed and the post-mortem findings in the lungs recorded. 
In the control group (virus and saline) extensive consolidation of the lungs 
was the rule, and occasionally before the week elapsed one or more of this 
group might be found dead, with almost complete hepatization of the lungs. 
Groups of mice which received virus mixed with an adequate concentration 
of serum usually showed normal lungs at autopsy. In those mice which 
received virus and an inadequate concentration of serum small lesions only 
were found in the lungs post mortem. With still smaller concentrations of 
immune serum the extent of the lung lesions on the seventh day was found 


TaBLE I.—Serum before Immunization compared with Immune Serum IH2 
Mixed with Unfiltered Virus. 


Post-mortem findings in mice treated as under. 


Mouse Nos. Immune serum IH2. 


Normal serum. 
V. + N.HS. }. V. + LS. 1/10. V. + LS. 1/30. V. + LS. 1/100. 
M. 328-339 ‘ 3, 3, 2 . 0, 0, 0 é 0, 0,0 : 0, 3, 2 


In this and subsequent tables the serum dilutions given are the final dilutions in the mixtures : 
0 = mouse with no detectable lung lesions post mortem. 
1 = mouse with lesions less than 1 mm. in diameter. 
2 = mouse with lesions 1 to 3 mm. in diameter. 
3 = mouse with fairly extensive lung lesions. 
4 = mouse with almost complete hepatization of the lungs, nearly always a dead mouse. 
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to be larger, but even in these mice the lung lesions were usually smaller than 
in the control group. Serum from IH2 before immunization did not appear 
to prevent the development of pneumonic patches or modify their extent. 

The result of another experiment has been quoted in a previous communi- 
cation (1934), and on the whole the results of tests showed decisively that the 
IH2 serum had considerable power to neutralize the virus, though the results 
were not smooth and regular. Again, from time to time we encountered lung 
abscesses in the test mice which made us suspect that bacterial contamination 
might be a complicating factor. 

Three of us recorded previously that the cut surface and even small pieces 
of solid lung from cases of influenzal pneumonia in the mouse appeared to be 
sterile as regards ordinary bacteria ; our later experience confirms this. But 
we have found that when whole lobes of diseased mouse lung are ground up 
or the entire lungs of several mice, it is unusual to obtain a sterile product. 
We believe that the larger bronchi, which in sections can frequently be seen 
to be crowded with epithelial cells and polymorphonuclear leucocytes, harbour 
various micro-organisms, and when the larger bronchi are ground up these 
bacteria are disseminated throughout the virus suspension. However that 
may be, it is a fact that oft-repeated passage of unfiltered virus suspensions 
will ultimately lead to the production of a small proportion of cases of lung 
abscesses. These abscesses can be readily distinguished from the influenza] 
lung; they are pale yellow or grey masses, which appear spherical under a 
hand lens and usually measure less than 0-5 mm. in diameter. Smears from 
the small nodules show under the microscope numerous short Gram-negative 
bacilli with a tendency to polar staining. It is obvious that such occurrences 
should be avoided if possible in tests of this kind. Some experiments were 
made with virus which had been clarified by filtration through paper pulp 
and asbestos fibre, but the procedure did not give perfect results (see Table V), 
and we decided to pass all virus for these serum-potency tests through 
“gradocol ’? membrane filters (Elford, 1931) with an average pore size small 
enough to keep back all ordinary bacteria. It is true that the virus is instilled 
into the nose, and there is still a chance that bacteria from the upper nasal 
passages may be washed down into the lungs and cause trouble ; our experience 
indicates, however, what is only to be expected on general grounds—that each 
mouse is resistant to the organisms it usually harbours in its own nasal passages. 
The use of filtrates almost completely eliminates the occurrence of lung 
abscesses. Furthermore, filtration excludes all small cell masses, and thus 
ensures that intimate mixture of antiserum and virus occurs, and there is 
small chance that virus will not be exposed to the action of the serum, such as 
might occur if virus were occluded in cells or cell fragments. When filtrates 
of passage virus are mixed with immune serum, lung abscesses are very rare, 
and anomalous examples of influenzal pneumonia become quite exceptional. 

Method of preparation of virus filtrates —The lungs from a number of in- 
fluenzal mice are collected and ground in a sterile mortar with quartz powder. 
or else without abrasive, to a smooth paste. Sufficient saline and nutrient 
broth is added to make a 5 p.c. suspension of lung tissue. The whole is centri- 
fuged. The opalescent supernatant fluid is clarified by filtration through a 
filter-bed consisting of a layer of asbestos fibre sandwiched between two layers 
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of paper pulp. The filtrate from this bed, which should be clear and trans- 
parent, is then passed through a “‘ gradocol ’’ membrane filter of average pore 
size of 0-9u. The filtered virus is used for making mixtures as outlined above, 
and the resultant products are inoculated intranasally into mice as before. 

Table II shows some of the results we have obtained with this technique 
when using different batches of virus. 


TABLE IT.—T tration of 1H2 Serum using Virus Filtrate. 
Filtrate of “‘ W.S.”’ virus plus IH2 serum. Post- 
mortem findings in mice treated with virus Controls. 
Mouse Nos. serum mixture at dilutions indicated. 


———————e—————EEE~ 
1/30. 1/100. 1/300. 


Experi- 


ment. Mouse Nos. Virus and saline. 


2 . M. 884-889 . 4,3, 2,2,2,2 
2 . M.911-916 . 3,3,3,1,0,0 
3 . SM. 147-149 . 3 


1 . M. 890-898 . 0 : ’ 
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3. M. 177-185 0 


. 
. 


woo 
zwoo 


_“ < 
= 
S 
S 


1/3 
M. 154-159 
M. 318-323 
M. 422-424 


M. 127-135 
M. 309-317 
M. 377-385 


’ 


v 


oso 
—h—5—) 
oonw 


. 


It will be observed that all the mice receiving virus-serum mixtures with 
the higher concentrations of serum escaped infection, and that those with the 
intermediate concentration of serum were also free from disease with one 
exception. In the weakest serum group there is an obvious rise in the infection 
rate. The control mice which were given virus and saline showed a high 
proportion of infection and the lesions at autopsy were more extensive. It 
will also be noted that in the last two experiments quoted all concentrations 
of serum appeared to neutralize the virus. In these instances we believe that 
the virus filtrates were unduly weak, for the lung lesions in the control mice 
were all small. The experiments show the difficulty we meet through the 
absence of any constant virus preparation. 

Nevertheless, the main fact regarding the neutralizing power of the serum 
is very obvious, and further experience with the other horse-sera (see Table IX) 
and also sera from other species confirms our opinion as to the value of the 
method. We are now engaged in testing human sera by this technique and 
are assessing their potency in terms of the [H2 serum, which we have tempo- 
rarily adopted as our basis of reference. 


Passive Immunity. 


The administration of large doses of IH2 serum to mice confers a certain 
degree of passive immunity. In an early experiment 1-0 c.c. of serum was 
injected into each of 6 mice (M. 157-162) intraperitoneally. Forty-five 
minutes later these mice, together with 6 controls (M. 145-150), were given 
virus (0-05 c.c. apiece) intranasally under light ether anesthesia. One week 
later all the control mice were dead from influenzal pneumonia and the serum- 
treated mice appeared healthy. One of these, however, died on the 9th day, 
but the others survived. After 12 days they were tested for immunity with 
another dose of passage virus, and appeared to be immune. They were killed 
on the 18th day and found to be normal. 
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This experiment was repeated, and a control of serum before immunization 
was also included. The result is shown in Table III. All mice surviving 
were chloroformed on the 15th day. 


TABLE III.—Passive Immunization of Mice. 
Mouse Nos. Treatment. Symptoms. Post-mortem findings. 
M. 283-288 . Virus only - Dull on 2nd day. All rough coated . 4, 4, 4, 3,* 1,* 1* 
and ill with exaggerated respiration 
and three dead by 10th day. Three 
survivors improved up to 15th day 
M. 295-300 . Normal serum. . All dull by 4thday. Allrough coated . 4, 4, 3, 3, 1,0 
1-0 c.c. L.P., and ill by 1lth day. All survived 
virus | hour 15 days 
later 
M. 289-294 . TH2serum . No symptoms for 15 days Otel 27:29 Se 
1-0 c.c. I.P., 
virus 1 hour 
later 


* Denotes a lung lesion undergoing resolution. The appearances are characteristic and can be 
confirmed microscopically. 


It will be observed that the serum before immunization appeared to diminish 
the severity of the symptoms and prolong the lives of the few mice under 
experiment, but it did not materially influence the incidence or the extent of 
the pneumonic process. Immune serum, on the other hand, abolished all 
signs of illness, though it did not protect completely against all lung damage. 


Serum after Virus. 


Immune serum given in 1 c.c. dosage intraperitoneally 24 hours after virus 
had a decidedly beneficial effect, whereas the serum of the same horse before 
immunization was comparatively worthless, as may be seen from Table IV. 


TaBLE IV.—Serum Treatment of Infected Mice. 


Mouse Nos. Treatment. Symptoms. Post-mortem findings. 
M. 382-388 . Virus only . All ill in 5 days and one dead. Three . 4, 3, 2,1 
chloroformed for passage 
One of remaining three normal. Other . 3, 3,0 
two very ill. Chloroformed 6th day 
M. 367-372 . Virus I.N. . All sick by the 8th day and one dead. . 4, 4, 4, 4, 3,* 3* 
Normal serum Four dead by the 21st day. Others 
lec. IP. 24 improving 
hours later ‘ 
M. 373-378. Virus I.N. . Only two mice showed any symptoms. . 4, 3,* 1,* 1,* 0,0 
TH2 serum 1 c.c. One of these died on the 10th day ; 
I.P. 24 hours later the others normal from 10th-21st days 


Note.—As before, * denotes lesions undergoing resolution recognizable at autopsy and under 
the microscope. 


It will be observed that the immune serum had a decidedly good effect 
on the course of the disease, symptoms, etc., but it did not prevent the develop- 
ment of lung lesions, and did not avert a fatal outcome in all mice subject to 
experiment. The serum before immunization was comparatively worthless, 
though once more it did appear to do a little good. 


19 
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. Results of this kind with whole serum encouraged us to try to separate a 
globulin fraction which would be still more efficacious, as it could be given in 
more concentrated form. 


TESTS OF FRACTIONATED IMMUNE SERUM. 
Fractionation ond Concentration. 


All our experiments have been conducted on well-recognized lines. We 
have used sodium sulphate to salt out the globulin fractions and have, there- 
fore, worked at 37° C. All tests of fractions were made upon mice by the 
mixture method in the first place. 

Eu- and pseudo-globulins were first prepared from reprecipitated mixed 
globulins by dialysis, dilution with water and adjustment of reaction. The 
bulk of the activity appeared to be present in the pseudo-globulin fraction. 
Two of us (G. W. D. and P. P. L.) had found that hyperimmune antidistemper 
serum, prepared in a horse by repeated injections of distemper ferret spleen, 
could be fractionated and concentrated by separating the more readily 
precipitable parts of the pseudo-globulins (unpublished observation). The 
anti-influenzal serum pseudoglobulins were therefore divided into zones pre- 
cipitable by different concentrations of sodium sulphate (11-15 p.c. and 15- 
20 p.c.). It was found that the antibody was largely precipitated by sodium 
sulphate concentrations between 11 and 15 p.c., but some activity remained 
in the 15-20 p.c. fraction. Sodium sulphate up to 12 p.c. precipitated nearly 
all the euglobulin, and this involved but little loss of antibody. Raising the 
concentration of sulphate to 16 p.c. precipitated the bulk of the active principle. 
An attempt was made to narrow the zone of precipitation still further, and a 
preparation of pseudoglobulin precipitated between 13-5 and 15-5 p.c. sodium 
sulphate was prepared. This narrow band gave a much smaller protein pre- 
cipitate and allowed of a greater apparent concentration of the original serum, 
but, as will be seen from what follows, the procedure involved too great a 
loss of active principle and was abandoned as not worth while. 

The method we now employ may be briefly outlined as follows : 

(1) Serum is taken, warmed to 37° C. and diluted with its own volume of 
warm water. 

(2) Anhydrous sodium sulphate is added up to 11 p.c., and the fine precipitate 
which forms is filtered off on paper covered with a thin layer of kieselgubr 
on a large Buchner funnel. The precipitate is discarded. 

(3) To the warm filtrate is added sufficient sodium sulphate to raise the 
concentration to 20 p.c. 

(4) The precipitate which forms is allowed to aggregate and then filtered 
off through paper and kieselguhr on a Buchner funnel. The precipitate is 
collected and dissolved in warm water sufficient to make twice the volume of 
the original serum. 

(5) Sodium sulphate is added up to 12 p.c. and the mixture filtered through 
paper and a film of kieselguhr as before. The precipitate is discarded. 

(6) Sodium sulphate is added to the filtrate in sufficient amount to make a 
16 p.c. solution. The mixture is allowed to stand till the precipitate aggregates. 

(7) The 12 to 16 p.c. sodium sulphate precipitate is collected on a paper 
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covered with a little kieselguhr on a Buchner funnel as before, and finally 
sucked as dry as possible with a water pump. 

(8) The precipitate is stripped from the paper and dissolved in a small 
volume of water, introduced into a collodion dialysing bag and dialysed against 
warm distilled water till all sulphates are removed. This involves numerous 
changes of distilled water, and occupies 3 to 4 days. 

(9) The contents of the bag are collected and sufficient sodium chloride is 
added to give a 0-9 p.c. solution. The*reaction of the solution is adjusted, if 
necessary, to a pH of about 7-6, and the solution clarified by filtering through 
paper and a little kieselguhr. Merthiolate* 1 in 20,000 is added. 

(10) The globulin solution is then sterilized by filtration through a Seitz 
filter disc and distributed in phials. Sterility tests are put up, and if these 
are satisfactory the phials are stored until required. 

With sodium sulphate precipitation the temperature of the solution must 
be kept above 30°C., and we have carried out all filtrations, etc., in the hot 
room at 37°C. The protein precipitates are sticky, and are liable to form an 
impervious layer on the paper if subjected to a high pressure for any length 
of time. A thin layer of kieselguhr greatly facilitates. filtration, and a mercury 
valve is used by us to prevent automatically the development of too high a 
negative pressure during the earlier stages of filtration. When the filtration 
is nearly complete the valve is put out of action, and each precipitate is sucked 
as dry as possible. The thin layer of kieselguhr on the paper, in addition to 
facilitating the filtration, greatly assists the stripping of precipitates from the 
papers, and it does not seem to adsorb appreciable amounts of antibody. 
Small concentrations of merthiolate are added during dialysis to limit as far 
as possible bacterial growth. 


Virus-Serum Mixtures. 
An example of one of the preliminary experiments is shown in Table V. 


TaBLE V.—Titration of IH2 Concentrated Serum Globulin. Clarified Virus 
and IH2 Serum Globulins. 


Post-mortem findings in mice receiving 
virus plus serum at concentrations 
Mouse Nos. indicated. In the case of globulin Controls. 
fractions the figures are reduced 
to terms of the original serum. Mouse Nos. Virus and saline. 
ss 7. —$—$—$— 
1/380. 1/100. 1/300. 
M. 704-712 . IH2 « 1078.06, 0: 5:1, 3,4: . 


1/35. 1/75. 1/250. 
M. 713-721 .13-16p.c.. 0,0,0 . 0,0,0 . 0,1,2 . M. 689-691 . 3,3, 3, 3,3, 3,2 
globulins 
x 4 
1/35. 1/100. 1/300. 
M. 722-730 .12-18p.c.. 0,0,0 . 0,0,0 . 2,2,2 . 
globulins 
x 3 
* We are greatly indebted to Messrs. Eli Lilly & Co., Inc., for a supply of this bacteriostatic 
and bactericidal agent. Merthiolate 1 in 1000 does not inactivate the virus within 48 hours in the 


cold. 
t Abscess in the lung of this mouse. 
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A very similar result was obtained when the two globulin preparations 
referred to in Table V were tested against unclarified passage virus, and it 
seemed to us that the bulk of the activity was precipitated when the sulphate 
concentration reached 16 p.c. though there was probably some loss. 

1000 c.c. of IH2 serum was divided into two equal parts. From the first 
part the globulins precipitated between 12 and 16 p.c. sodium sulphate, and 
from the second the globulins precipitated between 13-5 and 15-5 p.c. sodium 
sulphate, were collected, freed from sulphate, and sterilized by filtration. 
Judged by the volumes of the final products the concentration should have been 
8-fold in the first and 13-fold in the second. Table VI demonstrates that active 
preparations had been secured. 

These protocols have been given in order to demonstrate that serum con- 
centration is a practical proposition, and to show the difficulty of selecting the 
best globulin fraction for concentration. With a simple and accurate method 
of assay of serum potency it would be easy to define the zone of pseudoglobulins 
which carries the protective antibody, but so far we have failed to discover 
any simple serological test which is suitable, and we have been compelled to 
use the method of testing in-vitro mixtures on mice. This procedure is 
inexact and cumbrous. At first sight the thirteen times concentrated globulin 
appears to give excellent results, but from all our data it is doubtful if this 
product is any better than the eight times concentrated globulin 12-16 p.c. 
(Table VI). 

This view receives indirect support from another source. It was observed 
that mice which were given large doses of horse-serum frequently showed signs 
of illness immediately after the serum was given. Concentrated serum appeared 
to be more toxic than whole serum. This phenomenon was found to be due 
to a fact, which had been previously recorded by Okell and Steed (1925), that 
the serum of many horses normally contains agglutinins for mouse red cells. 
Comparison of the agglutinin content of our horse sera and the concentrated 
fractions was therefore made. 

The results are shown in Table VII, and it will be observed that the con- 
centration of the anti-influenzal factor is accompanied by a corresponding 
increase of agglutinins. The two different globulin fractions appear to be 
approximately equal in this respect, and we are not satisfied that the antiviral 
element differs appreciably in the two preparations. 

Whether we are right or wrong in our preference for the globulin fraction 


TaBLE VII.—Agglutination of Normal Mouse Cells with Horse-Serum. 
Final dilutions of serum. 

1/4. 1/8. 1/16. 1/32. - 1/64. 1/128. 1/256 
TH2 ; . oi Ride te sb ie ase se nope eee 
a eR Se ee _ 

TH4 ‘ a 6 a so Sa = gt ee oR Se vi 
IH2. Glob. 12-16 pc. . +++. +++. +++. 4+4++- + © £ ee = 





Serum. 


x 8 
TH2. Glob. 13-5-15-5 tet. t4+t+. tt+4+.t+ttise + . + _- 
pe. x 13 
5 p.c. suspension of normal mouse R.B.C. plus serum on rocking plate (Todd, 1930); 10 minutes’ 
reading at room temperature. -+++-+ = complete agglutination. 
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precipitated between 12 and 16 p.c. sodium sulphate, we would point out that 
the administration of this fraction to mice is bound to have an immediate 
deleterious action, and that any ultimate beneficial effect is the more impressive 
from the fact that improvement follows in an animal which has been first 
made ill by an undesirable side action. We may mention that we have not 
yet encountered sera or concentrates which produce anemia, hematuria, 
jaundice and death such as have been described by Okell and Steed. 


Concentrated Serum before Virus. 


As recorded above, we were convinced that the administration of serum 
before virus would confer a fair degree of passive immunity on mice, and two 
experiments satisfied us that concentrated serum was even more efficacious 
in this respect. The protocol in Table VIII shows the results. 


TABLE VIII.—Passive Immunization of Mice with IH2 Concentrated Globulins. 
Post-mortem findings 


Mouse Nos. Treatment. Symptoms. when chloroformed 
on 7th day. 


M. 836-841 . 0:25 c.c. IH2 globulin 24 hours . None ~ 0,050, 1, 1,4 
before virus filtrate 0-05 c.c. 
intranasally 

M. 842-847 . 0:25 c.c. IH2 globulin ? hour . One mouse only off colour . 0, 0,0,0,1,1 
before virus filtrate 0-05 c.c. on one occasion 
intranasally 

M. 872-877 . 0-05 c.c. virus intranasally . . All mice very ill. Three . 4, 4, 4, 3, 3,2 

dead by 7th day 


In another group of 6 mice which received the same preparation of virus, 5 mice were dead by 
the 7th day, and the last of the group died on the 9th day. 


There seems no doubt to us that the concentrated serum given before the 
virus protected mice against an exceedingly active virus filtrate. 


Concentrated Serum after Virus. 


Four groups of 6 mice were taken, and every member of each group was 
given 0-05 c.c. of virus filtrate intranasally under light ether anesthesia. The 
first group received no further treatment and served as controls for this experi- 
ment. Twenty-four hours later 3 mice in the second group were given 0-25 
c.c. of concentrated serum intravenously and the other 3 a similar dose intra- 
peritoneally. At 48 hours the third group, and at 72 hours the fourth group, 
were given treatment similar to that in the second group. The immediate 
effect of the serum was bad, doubtless due to the red cell agglutinin to which 
we have referred above, but by next day the immediate ill-effects seemed to 
have disappeared. 

The result of this experiment is shown graphically in Chart 1. In this 
diagram each square represents a mouse, a white square a living mouse, and a 
black square a mouse dead with typical hepatization of the lungs at autopsy. 
The daily progress of the several mouse colonies can be followed by reading 
the columns of squares from left to right. For example, Group 1 for 4 days 
6 living mice ; 5th and 6th days, 5 living and 1 dead mouse ; 7th day, 5 dead 





INFLUENZA : PREPARATION OF IMMUNE SERA. 287 


mice and | survivor; 9th day, all mice in this group dead with complete 
hepatization of the lungs. In Groups 2 and 3 only 1 mouse died, while in 
Group 4 there were 3 survivors. 

It must be added that the survival in Groups 2, 3 and 4 was genuine, for 
all these mice appeared to be normal 14 days later. At this time selected 


Group l. Group 4. 
M. 866-871. M. 848-853. M. 854-859. M. 860-865. 


Cuart 1.—Group 1: 6 mice; virus only. Group 2: 6 mice; serum 24 hours 
after virus. Group 3: 6 mice; serum 48 hours after virus. Group 4: 6 mice; 
serum 72 hours after virus. (For further explanation see text.) 


members of each group were chloroformed in order to examine the condition 
of the lungs, for all mice in the serum-treated groups had shown symptoms of 
acute illness. Over one month after the end of the experiment as shown 
graphically, the remainder of the surviving mice looked normal, but all showed 
lesions in their lungs which will be referred to later. Here it may be noted 
that these lesions were convincing evidence that the virus had reached and 


Group 1. Group 2. 
M. 984-1008. M. 1009-1032. M. 1034-1058. 


Cuart 2.—Group 1: 25 control mice; virus filtrate only. Group 2: 24 mice; 
serum 24 hours after virus. Group 3: 25 mice; serum 48 hours after virus. 
(For further explanation see text.) 


produced damage in the lungs, and that the concentrated seram was powerful 
enough to arrest the pathological process. 

i This experiment was repeated on larger groups of mice, with the results 
shown graphically in Chart 2. Here the control group consisted of 25 mice, 
the group treated 24 hours after virus administration of 24 mice, and that 
treated 48 hours after virus of 25 mice. The results seem to us convincing 
evidence of the value of the concentrated serum, even when it is given as late 
as 48 hours after infection with virus. The results are not perfect, since a 
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number of the treated mice died, but the difference between Groups 2 and 3 
and Group | is very striking. 

The columns of squares at the extreme right of each group indicate the 
post-mortem findings in survivors at the end of the experiment. Crossed 
diagonal lines indicate extensive lung lesions, a single diagonal line smaller 
lung lesions and a square with a circle normal lungs. The post-mortem 
appearances prove that the incidence of infection was approximately the same 
in all groups ; the striking difference in mortality-rate proves the efficacy of 
the serum treatment. 

Another experiment was made on 5 groups of 20 mice where serum 
was given 24 hours after virus filtrate. In this experiment, unfortunately, 
the filtrate did not prove to be very virulent, and as there were only 2 deaths 
in the control group of mice by the 10th day, all the mice were chloroformed 
and comparison made of the extent of the lung lesions in the various groups. 
It was found that the administration of a pseudoglobulin fraction prepared 
from normal horse-serum was without effect. The extent of the lesions in this 
group was found to be very similar to that in the control. The globulin 
preparation from IH2 serum precipitated by sodium sulphate 12-16 p.c. 
produced a significant diminution in the amount of lung involvement, whether 
it was given intravenously or subcutaneously. Similarly the sodium sulphate 
13-5-15-5 p.c. globulin fraction from the same serum also cut down the extent 
of lung involvement, but did not seem to be superior to the fraction first 
mentioned. 


COMPARISON OF THE THREE HORSE-SERA. 


It was stated previously that IH2 serum was made with virus of human 
origin as antigen, that IH3 serum was made by injecting first human virus, 
and later a mixture of human and porcine viruses. IH4 serum was collected 
from a horse which had received porcine virus only. It was thus of interest 
to compare the relative efficiency of these sera when tested against the two 
viruses at our disposal. Table IX shows a summary of the results. 

Comparison of the results in the two experiments shows that the immune 
horse-serum only reveals its full neutralizing power against the virus strain 
used for the hyperimmunization, and that there is but little overlap with the 
other strain. This confirms the view we have previously put forward that the 
human and pig strains of virus, though related; are antigenically different. 
The serum from the horse which was given both strains of virus appears to be 
powerful against the human strain and weak against the porcine. 

This result is in harmony with the fact that horse [H3 was first immunized 
with the human strain, and only towards the end of the hyperimmunization 
was swine virus included (3 injections). As previously explained, we were 
unable to give a full series of injections of mixed viruses as we had originally 
intended, and it cannot be a matter of surprise that the antibody for pig virus 
is at a low level. 


RESOLUTION OF THE LUNG LESIONS. 


The appearances seen in sections of the lungs of mice which are recovering 
from the influenzal pneumonia are very remarkable. In the earlier recovery 
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stages areas of lung can be seen in which resolution appears to be proceeding 
in an ordinary manner, cedema fluid is absorbed again, the red cells in the air- 
sacs are taken up by phagocytes, and macrophages containing hemosiderin 
granules can be seen on the walls of the air-sacs or in their lumina. But there 
are other areas, where presumably the lung damage has been greater, in which 
profound alterations in structure can be recognized. Here, at first sight, there 
appears to be an undue proportion of small bronchi. Still later, in the recovery 
stage, this appearance is still further exaggerated, and one or two weeks after 
apparent complete recovery large areas of lung can be seen which have a 
superficial resemblance to a secreting gland, such as the mammary or lachrymal 
gland. Closer examination shows that the original air-sacs are now lined with 
a cubical or columnar epithelium, which in the majority of cases is not ciliated. 
The lumina of the sacs contain coagulum, and frequently many degenerate 
polymorphonuclear leucocytes. In the later stages large macrophages replace 
the leucocytes, but even as late as one month after apparent recovery the 
cubical epithelium may be seen to persist in large areas of lung (half a lobe). 
We do not yet know the final result of such changes. It is clear that the 
method by which these changes are produced and the final outcome of the 
process will demand careful study, and Prof. E. H. Kettle has agreed to assist 
us in this matter. Here we may note that we consider that the appearances 
suggest severe damage by the virus of the cells lining the air-sacs, and the 
restoration of this damage is a slow process. The peculiar appearances may be 
brought about either by epithelial downgrowth from the terminal bronchioles, 
or by reversion of the surviving sac-lining cells to a primitive form and by 
multiplication of these to result in a lung of embryonal type, which only slowly 
differentiates again into normal adult lung. Without extended study it is 
unsafe to speculate between these alternatives. 


DISCUSSION. 


McGuire and Redden brought forward evidence to show that convalescent 
serum was of value in the treatment of influenzal pneumonia, and various 
other observers have recorded beneficial results from this form of serum 
treatment in uncomplicated cases of influenza ; but the limitations and dis- 
advantages of such treatment are obvious. Our experiments suggest that it 
may be found to be possible to produce in the horse a therapeutic serum of 
equal, or even greater, efficacy. 

There are, however, certain considerations which warn us against too great 
optimism. First, we do not believe that all cases diagnosed as “‘ influenza ” 
have necessarily the same etiology, though we are convinced that certain 
epidemics are caused primarily by a virus infection. Secondly, the virus 
under study has, as yet, only been isolated from two distinct outbreaks of 
the disease, and we have no guarantee that other epidemics will be caused by 
the same virus. It may well be that a number of strains of influenza virus 
exist, each possessing individual immunological characteristics. The infor- 
mation we possess regarding serological differences between swine and human 
influenza viruses lends support to this view. Thirdly, the beneficial effects 
of serum which have been demonstrated in mice have only been proved for 
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influenzal pneumonia, because the virus disease in mice is essentially a 
pneumonic process. Now we have other evidence to indicate that it is more 
difficult to protect the upper respiratory tract than the lung tissue proper, and 
it is thus possible that the serum may be of only limited application. 

We are therefore cautious in forecasting the possible utilities of our anti- 
serum as a therapeutic agent, but we consider it possible that appropriate 
antiserum of high potency might be of value in the treatment of influenzal 
pheumonia. 


SUMMARY. 


1. Anti-influenzal serum of significant potency can be made by hyper- 
immunizing horses with virus emulsions from ferrets suffering from acute 
influenzal attacks caused by human or porcine strains of influenza virus. 

2. Such hyperimmune serum will neutralize influenza virus in mixtures 
even after considerable dilution. 

3. Such hyperimmune serum confers some degree of passive immunity to 
mice on injection. 

4. Such hyperimmune serum has a beneficial action on mice already infected 
with the virus. 

5. Horse hyperimmune serum can be fractionated and concentrated. The 
greater part of the activity is found in the pseudoglobulin fraction of the serum, 
and is precipitated in the fraction salted out between 12 and 16 p.c. sodium 
sulphate. 

6. The resolution of influenzal pneumonia in mice is a slow process and 
presents some peculiar features. 
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SINCE our observation (Smith, Andrewes and Laidlaw, 1933) that ferrets 
can be infected with a virus obtained from influenza patients, we have made 
numerous efforts to discover a method of immunizing these animals against 
the experimental disease with a view to its application in human medicine. 
The discovery in the following year that mice are also susceptible to infection 
with influenza virus extended the possibilities of research in this direction 
(Andrewes, Laidlaw and Smith, 1934). We have not yet fully achieved our 
main object, but the work has brought to light many facts which are not 
without interest and probable importance ; these form the basis of the present 
report. 


MATERIALS AND METHODS. 


Strains of virus.—Three virus strains have been used. Two of these, 
isolated from human cases of influenza in 1933 and 1934, are referred to as the 
“WS ” and “ BW ” strains respectively. The third strain is the virus of swine 
influenza (Shope, 1931), kindly sent to us by Dr. Shope in 1933, and maintained 
since then by serial passages in ferrets. 

Sources of virus: Tissue emulsions and filtrates——In infected ferrets and 
mice virus has been recovered only from the tissues of the respiratory tract. 
Emulsions of ferret turbinates are prepared by the method described in our 
previous paper (Smith, Andrewes and Laidlaw, 1933). The lungs of infected 
ferrets are also rich in virus, even when they appear to be perfectly normal at 
autopsy. Lung tissue is ground with sand and a mixture of equal parts of 
broth and saline to make a 5 p.c. suspension, and centrifuged at about 3000 
r.p.m. for 10 minutes. Such centrifugates if prepared from lungs without 
visible lesions are not usually so rich in virus as comparable turbinate prepara- 
tions, but they proved infective on one occasion in a dilution of 1 in 2000. 
When prepared from consolidated lung tissue, they are fully as active as 
turbinate centrifugates ; 1 c.c. of a 1 in 1,000,000 dilution has been known to 
infect. Moreover, lung preparations have the advantage that they are usually 
bacteriologically sterile. 

Mouse virus is obtained by the same technique exclusively from the lungs 
of infected animals. 

Bacteriologically sterile infective filtrates are obtained equally well from 
either turbinate or lung centrifugates by preliminary clarification. through 
paper-pulp and asbestos pulp, followed by filtration through gradocol mem- 
branes (Elford, 1931). We have used membranes with an average pore size 
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varying from 0-6 to 0-9u ; these readily allow passage of the virus, whilst 
retaining any contaminating bacteria. 

Immunity tests —Four methods have been employed, the first of which is 
only applicable to tests on ferrets :— 

(1) Intranasal instillation of virus without anesthesia: This is our routine 
method of infection for passage of virus through ferrets, and normal animals 
have never failed to respond. The majority have shown fever and symptoms 
of nasal catarrh, a very few have had fever only or symptoms without fever. 

(2) Intranasal instillation of virus under ether anesthesia: This is the 
routine method for infection of mice, in which species the disease is made 
manifest by characteristic lung lesions. 

In ferrets, in addition to fever and nasal symptoms, lung lesions were 
produced from the outset by the swine strain administered under anesthesia 
(cf. Shope, 1934), but no lung involvement followed infection with the 
human strains until a deliberate attempt was made to modify the WS virus 
by serial passage of virus from lung under anesthesia. The 3rd ferret of the 
series showed an area of consolidation in one lobe, but it was not until the 7th 
passage that the virus became capable of causing lung lesions with regularity. 

(3) Intrapulmonary moculation of virus: Filtrates are used to ensure 
bacteriological sterility. The inoculation is made under ether anesthesia 
through the chest-wall into the lung tissue. Before injection air-bubbles are 
drawn into the syringe in order to demonstrate that the point of the needle 
does lie in the lung tissue. 

(4) The demonstration of virus-neutralizing antibodies in sera: Mixtures 
containing equal parts of virus centrifugate or virus filtrate and serum or serum 
dilutions are allowed to stand at room temperature for 10-15 minutes ; they 
are then inoculated in appropriate amount into normal ferrets or mice by 
intranasal instillation, anesthesia being used when mice are the test animals. 


IMMUNIZATION OF FERRETS. 
Attempts to Immunize with Killed Virus. 


Vaccines in which the virus was inactivated by heat or by methylene-blue 
light treatment failed entirely to produce active immunity. 

Sixteen ferrets have at various times been inoculated intranasally with 
1 c.c. of virus emulsion inactivated with formalin. Concentrations of formal- 
dehyde ranging from 1 in 2000 to 1 in 10,000 have been used, the preparations 
being kept in the cold room for 2 to 10 days until proved non-infective : 14 of 
the animals so treated were found to be completely susceptible to infection 
when tested 8-15 days after the vaccination; the other 2 were immune. 
Two of the 14 were both vaccinated and tested with swine strain virus, all 
others with the WS strain. 

Attempts to confer solid immunity by giving larger doses of formolized 
vaccine subcutaneously completely failed. Even three doses of vaccine 
(5 c.c. dose) given at weekly intervals failed to protect ; the treated animals 
when tested 7 days later with living virus showed symptoms indistinguishable 
from those of control ferrets. 
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Attempts to Immunize with Living Virus. 


Influenza virus would appear to be infective for the ferret only if introduced 
directly into some part of the respiratory tract. Animals inoculated by the 
subcutaneous, intradermal, intraperitoneal, intramuscular, intratesticular and 
intracerebral routes have failed to show any signs of illness. Such inoculations 
have also failed to render the recipients immune, for in every case the subse- 
quent introduction of virus by the intranasal route has resulted in an attack 
of influenza. 

More intensive efforts have been made to immunize by subcutaneous 
inoculations of virus because such a method would be most readily adopted in 
human practice. The amounts of antigen used have ranged from 2:5 c.c. of 
a virus filtrate in a single dose to 20 c.c. of a centrifuged tissue emulsion given 
in four equal doses. With the multiple dose vaccination various time intervals 
between the doses have been tried. Both turbinate and lung emulsions and 
both human and swine strains of the virus have been employed. The animals, 
thus treated, were tested for immunity from 1 to 3 weeks after the last 
subcutaneous injection ; all of them with one exception proved susceptible 
to the disease. 


The Development of Virus-Neutralizing Antibodies. 


Although vaccinated ferrets are apparently fully susceptible to experimental 
infection, the vaccination, either with formolized virus or living virus, is not 
entirely without effect, but results in the development of circulating antibodies 


which are capable of inactivating virus when mixed with it in vitro. 

Two ferrets which had received subcutaneously two 5-c.c. immunizing 
doses of human strain virus (lung centrifugate) at an interval of 8 days were 
bled by cardiac puncture 12 days after the second inoculation. In each case 
the serum, thus obtained, was shown to possess virus-neutralizing antibodies. 
Nevertheless these same ferrets when tested after a further interval of 5 days 
by the intranasal instillation of virus suffered attacks of influenza indistin- 
guishable from that exhibited by a control animal. 

The development of antibodies likewise follows intraperitoneal adminis- 
tration of virus. A ferret was given two doses of turbinate centrifugate, each 
of 10 c.c., with an interval of 7 days. Six days later it was bled. Mixtures 
of the serum with equal quantities of turbinate emulsion, and of a 1 in 50 
dilution of the latter, were found to be non-infective, whilst a control ferret 
receiving a 1 in 100 dilution of the same turbinate emulsion went down with 
the disease. The experiment indicated that 1 c.c. of the serum contained 
sufficient antibody to neutralize at least 100 infective doses of virus. Serum 
obtained from another ferret 20 days after a single intraperitoneal injection 
of 10 o.c. turbinate emulsion also showed neutralizing power, but no titration 
of its potency was attempted. 

After recovery from an attack of influenza the ferret is invariably immune 
to reinfection with the same virus strain for a considerable time. We do not 
know whether this complete immunity is solely dependent upon the humoral 
antibodies, but the following experiment shows that the antibody level is 
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higher in such convalescent animals than in those which have been artificially 
immunized. 

Serum was obtained from 2 convalescent ferrets, from 2 ferrets immunized 
by subcutaneous inoculations of living virus, and from 2 ferrets treated with 
formolized vaccine. A hyperimmune horse-serum was also included in the 
experiment as a standard of reference. Various dilutions of each serum were 
mixed with an equal quantity of a virus filtrate, and each mixture was tested 
on a group of 3 mice by intranasal instillation under ether anesthesia. Six 
control mice were inoculated with the virus filtrate diluted with an equal 
volume of saline. All the mice were killed 6 days later and the lungs examined 
for evidence of virus infection. The results are summarized in Table I. 
Whilst it is impossible to draw very definite conclusions from such a small- 
scale experiment, especially when the control group failed to show 100 p.c. 
infection rate, there is little doubt that the two convalescent sera were more 
potent as regards virus-neutralizing power than any of the other sera. There 
would seem to be little to choose between the sera produced by subcutaneous 
inoculations of living and formolized virus, and it is of interest that all the 
donors of these sera, when tested a few days later with living virus administered 
intranasally, proved susceptible. 


TaBLE I.—Titration of Ferret Sera in Mice. 


Mice inoculated with serum-virus mixtures. Control mice 


Source of Treatment of Final dilutions of serum in mixtures. inoculated 


serum. serum donor. EL ANE NE EERE ee NC with virus- 
1/20. 1/100. 1/500. 1/2500. saline mixture. 


000 . 000 . 000 
000 . 000 . 000 


00: . 44 SG hoke 
60. . 14a 


F770 


F77 “| Convalescent . 


Fis | : be 
; culations of living - 
F16 | virus 


subcutaneous ino- 
culations of for- 
molized virus 

( Hyperimmuniza- | 
Horse 2; tion with living 

| virus | 


F26 (° 


] 000 . 000 . 000 .+4++. ++4+++40 
F27 | 000... 


+ . @+ (444 


3 subcutaneous ino- | 
| 


000 . 000 . +44 


Each sign represents a mouse. 
+ = Typical influenza lung lesions found at autopsy. 
0 = Lungs normal. 


The Prevention of Lung Lesions. 


It seemed inconceivable to us that the possession of virus-neutralizing 
antibodies in the circulation should confer no sort of benefit. Moreover, in 
1934 Dr. Shope informed us by letter that he had been able to protect ferrets, 
by subcutaneous inoculations of living virus, against the development of the 
lung lesions produced by his swine strain. We are indebted to him for per- 
mission to refer to his experiments which are in course of publication. As will 
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be seen from what follows we confirmed his results with swine-strain virus, and 
also carried out comparable experiments with the lung-adapted human strain. 

Two experiments were made with swine strain virus and two with human 
strain virus. Ferrets were first immunized and then tested after an interval 
by the inoculation of virus under light ether anesthesia. The details and 
_results are summarized in Table II ; here it is only necessary to add that the 
immunization consisted of either two or three subcutaneous inoculations 
of living virus (usually 5 c.c. of 10 p.c. lung emulsion) except in Experiment 4, 
in which one group received living virus and another group formolized virus 
vaccine. The immunity test was by intrapulmonary inoculation in Experi- 
ment 2, and by intranasal instillation in the other experiments. The virus 
strains used had produced lung consolidation of patchy distribution with such 
regularity that only one untreated control ferret was included in Experiments 
1, 2 and 4, but in the third experiment 4 controls and 4 treated animals were 
included in order to reduce the possibility that the result obtained might 
depend upon chance irregularity of virus behaviour. 

The ferrets were observed for 4 or 5 days following the immunity test, 
symptoms and temperature being recorded morning and evening. They 


TaBLE II.—IJmmunization of Ferrets by Subcutaneous Inoculations of Living 
Virus or Formol Vaccine. 


Immunity test with 

E St: ‘Fr ‘ anesthetic. Result of test. 

xperi- rain 0: erre’ —_ —__—_—_—_— ee. 

ment. virus. No. Immunization. Interval since Route Nasal Fever, Lung lesions 
last immuni- symptoms. * at autopsy. 
zation dose. ‘inamaiae: 





618 
647 . 


° pr 
a7. 


lations lung emulsion nasal Bm 
Nil (control) i ae ~- Do . ++ 


[+++ 





2 subcutaneous inocu-. 13 days . Intra- 
lations lung emulsion pulmonary 
Nil (control) ats 6 


- IT) #suboutancons inocu-. 14days . Intra- . + 


2) 3subcutaneous inocu-. 14 days . Intra- 
lations lung emulsion nasal 
5 


21 Nil (controls) “ as - Do. 
22| 

36 

37 








. 15) 3 subcutaneous inocu- . 
16{ lations living virus, 
" followed by formol 

vaccine intranasally 
25) 3 subcutaneous inocu- . 
26{ lations of formol 
27{ vaccine at weekly 
28] intervals 


47 . Nil (control) 


++t4++ 4444/4444 44/14/4114 
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were then killed and both turbinates and lungs were examined for signs of 
virus infection. It will be seen from Table II that in all the experiments 
immunization failed to confer complete immunity against infection, for the 
clinical symptoms and temperature responses were not significantly different 
in treated and control ferrets (except in Experiment 2, where the test dose 
was given by intra-pulmonary inoculation). The condition of the lungs at 
autopsy, however, showed that in every case immunization resulted in a 
partial immunity, sufficient to protect these organs from virus attack. The 
successful application of formol vaccine in Experiment 4 gives ground for hope 
that eventually a method, applicable to man, may be found. 


The Duration of Immunity following Infection. 


In our previous paper (1933) it was stated that an attack of ferret influenza 
was followed by an imniunity which lasted at least 5 or 6 weeks after the 
disappearance of symptoms. When tested after a lapse of 3 months one 
ferret was found to be solidly immune, but another suffered a mild attack. 
The question of the duration of immunity has now been investigated more 
thoroughly. 

After a 3 to 5 months’ interval the recovered ferret may or may not be 
susceptible to reinfection ; in the former case the disease runs a milder and 
shorter course than in control animals. After 6 to 7} months the immunity 
has definitely waned. Seven ferrets tested after this lapse of time all showed 
a brisk temperature response, with some nasal symptoms. We gained the 
impression, however, that the disease was modified in 5 of the animals by some 
degree of residual immunity, because the nasal symptoms were milder and of 
shorter duration than usual and the primary temperature response was 
accelerated, occurring within 24 hours, instead of the usual 48 hours after 
infection ; also 3 ferrets failed to show any secondary temperature response. 
Two of the ferrets were bled by cardiac puncture a few days before their 
immunity test and the serum of each was found to contain virus-neutralizing 
antibodies. It seems probable that there is a definite connection between the 
presence of such circulating antibodies and the modification of the disease. 

Of 2 ferrets tested after an 8 months’ interval, 1 had a mild illness, the 
other suffered a typical attack, as did also a third ferret tested after 12 months. 
Unfortunately no preliminary tests of their sera were made. 


The Reinforcement of Waning Immunity. 


The fact that subcutaneous inoculations of virus confer a partial immunity, 
characterized by the development in the circulation of neutralizing antibodies 
and resistance against lung infection, suggested that the antigenic stimulus of 
such inoculations in ferrets which had previously had the disease might reinforce 
their waning immunity, so that once again they would become completely 
immune. 

Two experiments of this nature were made. In each experiment batches 
of ferrets which had passed through an attack of experimental influenza from 
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7 to 10 months previously were divided into comparable groups; those of 
one group were treated with a subcutaneous inoculation of living virus whilst 
those of the other group were left untreated. Both treated and untreated 
animals were tested for immunity by intranasal instillation of virus 8-10 days 
later. The results are given in Table III; they show that whereas all 
unvaccinated ferrets went down with the disease, the vaccinated ones in both 
experiments were completely resistant. 

A third experiment, in which heat-killed and formolized vaccines were 
also used, was unfortunately invalidated by an outbreak of distemper. 


TaBLE III.—Reinforcement of Waning Immunity by Subcutaneous Inoculation 
: of Virus. 
Experi- Ferret Time interval since Treatment before 
ment. No. primary infection. immunity test. 
1 . 180) 7-8 months . One subcutaneous inoculation . Immune. Complete absence 
182 ; of living virus of symptoms and tem- 

190! _ perature rise. 


191 : None - Non-immune. Mild nasal 
192 symptoms. Brisk primary 


Result of immunity test. 


202 
204? 


95) 8-10 months . One subcutaneous inoculation . Immune. 
146) of living virus 


Secondary temperature res- 
ponse—low or absent. 


202| temperature response. 


161) ‘ None - Non-immune. Symptoms 
166 | mild. 


IMMUNIZATION OF MICE. 


Attempts to immunize mice by a single subcutaneous injection of virus 
filtrate were unsuccessful ; there was no significant difference between treated 
and untreated groups, either as regards symptoms, or lung involvement as 
revealed at autopsy. It was therefore decided to try the effect of multiple 
doses of centrifuged lung emulsions. 

In the first experiment 6 mice were given two subcutaneous inoculations, 
6 were given two intradermal inoculations, and 6 controls were left untreated. 
The subcutaneous dose was 0:2 ¢.c. of lung emulsion, the intradermal dose 
0-05 c.c. The time interval between the doses was 14 days. All the mice 
were tested 8 days after the last immunizing dose. The control mice were very 
ill by the 3rd day, and on the 4th day one of them died whilst the others had 
laboured respiration. In striking contrast none of the mice in the two treated 
groups showed any symptoms whatsoever. The experiment was terminated 
on the 6th day when all the mice were killed and their lungs examined. The 
results given in Table IV show that despite the absence of symptoms more than 
50 p.c. of vaccinated animals had some degree of lung involvement, which, 
however, was of less extent than in most of the controls. All the mice of the 
latter group showed lung involvement. Unexpectedly, the smaller doses of 
virus given intradermally appeared to be quite as effective as the larger doses 
given subcutaneously. 


20 
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TABLE IV.-—Immunization of Mice. 


Mouse No. Treatment. Test. Symptoms. Lungs at autopsy. 
Living virus subcu- . Virus intranasally . None Normal. 


590 
591 
592 
593 


taneously, 2 inocu- 8 days later Pe 
lations at interval | 23 
of 14 days + 
594 i 
595 + 


596 Living virus intra- . i : Normal. 
597 dermally, 2 inocu- 3 
598 lations at interval 

599 of 14 days 

600 

601 


770 
771 
772 
773 
774 
775 


Died 4th day. 


All very sick by 3rd 
day. Laboured res- 
piration 4th day 


+++ = Almost complete hepatization of lungs. 
+ = One spot about 1 mm. diam. 


An experiment on a larger scale was then made with the object of comparing 
the effects of two and three subcutaneous doses upon the mortality-rate. 
Unfortunately the virus preparation used for the immunity test was less potent 
than usual and as only 3 of the 24 control mice had died by the 9th day it 
was decided to kill all survivors and judge the effect of the vaccination by the 
degree of lung involvement. Again the treated mice remained quite free from 
signs of illness, whereas 9 of the controls showed rough coats and exaggerated 
respiration. The experiment is summarized in Table V. The bracketed 


TaBLE V.—Immunization of Mice. 
Immunity test. 


Group 2 maa Interval 


Immunization. since last Lung lesions at autopsy. 
mice. immuniza- Symptoms. 
tion dose +++. t+. ¢4+. 4. °-. 
(days). 
24 .3subcutaneousin-. 10. None Ste, | Tene | aaa | eee ee 
oculations of 
living virus, 0-25 
c.c. dose 
20 . 2subcutaneousin- . : ; g ; - 2. 15 (4) 
oculations of 
living virus, 0-25 
c.c. dose 
Nil s ae . 9 mice showed . ‘ ‘ ; 0. 0a) 
rough coats 
and exag- 
gerated res- 
piration 
* 3 died by the 9th day. 
+ * ++ = Complete hapitiontion of lungs. 
= No typical influenza lung lesions. 
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figures in the last column indicate the number in each group which, whilst 
showing no dung lesions typical of influenza virus infection, had nevertheless 
pin-point grey spots in the lungs. We do not know the cause of these atypical 
lesions but from their group distribution it is probable that they had some 
connection with the vaccination. It is possible that they represent minute 
foci of specific lung involvement undergoing early resolution because of the 
increased resistance of the host. The microscopical picture would fit in well 
with this view. Foci showed groups of polymorphonuclear leucocytes and 
many macrophages, whilst in other areas the air-sacs were filled almost 
exclusively with macrophages. 


THE RELATIONSHIP BETWEEN HUMAN AND SWINE STRAINS 
OF VIRUS. 


The two human strains of virus (WS and BW) behave exactly alike as 
regards infectivity for ferrets and mice, filterability and resistance. Cross- 
immunity tests were made as follows : 

Five ferrets infected with the BW strain were allowed to recover and were 
then tested with the WS strain; all proved immune. Five ferrets first 
infected with WS virus were similarly immune to subsequent inoculation with 
BW virus. It is therefore probable that these two strains, isolated from 
human cases, are immunologically identical, but full confirmation of this must 
await a more detailed analysis by the method of serum titration in mice. 

The swine strain of virus, as reported previously, causes a disease in ferrets 
and mice which is clinically indistinguishable from that which follows infection 
with the human strains. Furthermore it is capable, when combined with 
Hemophilus influenze suis, of producing a highly contagious disease in pigs, 
characterized by the production of pneumonic consolidation of patchy distri- 
bution. Similar infection with the human WS strain plus cultures of H. 
influenze suis has been attempted by us in 5 pigs, but in no case was there 
any sign of illness, either clinically or at autopsy. It should be mentioned, 
however, that these attempts were made before the virus had been modified 
by ferret lung passage, so as to give lung involvement in this species. 

In a personal communication Dr. Elkeles informs us that he has succeeded 
in producing a disease similar to swine influenza in very young pigs by inocu- 
lating them with mixtures of human influenza virus, supplied by us, and 
Hemophilus organisms either of human or porcine origin. 

The swine strain from the outset attacked the lung tissue of ferrets if the 
virus was administered under light ether anesthesia and even without anzs- 
thesia lung lesions were not uncommon. This quality was for long thought to 
be a further distinguishing characteristic of the strain, but the lung adaptation 
of WS virus shows that this is not so. 

Antigenically the two strains are related but are not identical. The 
evidence for this statement may be summarized as follows : 

(1) Eleven ferrets after recovery from infection with WS virus were tested 
with swine virus; 8 proved completely immune, whilst 3 exhibited symptoms 
of nasal catarrh and obstruction but had no fever. 

(2) Eight ferrets after recovery from swine strain infection were tested 





300 W. SMITH, C. H. ANDREWES AND P. P. LAIDLAW. 


with WS virus ; 5 were immune and 3 suffered mild attacks of influenza with 
transient fever and slight nasal symptoms. 

(3) Each strain is neutralized by admixture with homologous ferret immune 
serum, but neutralization is inconstant if the heterologous serum is used. 
Thus, of 4 WS immune ferret sera tested against swine virus in. ferrets, 2 
failed to neutralize, 1 neutralized, and the fourth neutralized in one test but 
failed in another—an indication that the amount of actual virus used, at 
present not standardizable, may be an important factor in the outcome of such 
tests. Of 3 ‘‘swine”’ immune ferret sera, 1 neutralized WS virus while the 
others failed. In those cases where the heterologous sera failed to inactivate 
the virus the resultant takes were appreciably milder than in the control 
ferrets inoculated with the same amount of virus without serum. 

(4) Eleven human convalescent sera were tested against WS virus ; 2 of 
them were tested also against swine virus. In every case virus inactivation 
occurred. Of 8 normal human sera tested with WS virus, 6 neutralized, and 
2 showed no such power ; only 1 was tested with swine virus and neutralized. 
Five out of 6 human placental sera neutralized the human strain; the only 
one of the 5 tested against swine virus failed to neutralize. 

(5) An immune serum against the WS strain, prepared in a horse, neutralized 
the homologous virus in dilutions up to 1/30 in ferret tests, but completely 
failed to neutralize swine strain virus. Tests in mice, however, showed that 
the serum possessed neutralizing antibodies to both strains but that it was 
effective against the homologous strain in much higher dilution. These tests 
are reported in detail in the previous paper. 


DISCUSSION. 

One of the main objects of our work is the development of some practical 
method of immunization against epidemic influenza in man. Many virus 
diseases are characterized by a state of solid immunity of long duration following 
recovery but, unfortunately, in the case of influenza both in ferrets and in 
man an attack of the disease confers an immunity which quickly wanes. It is 
probable, therefore, that any method of active immunization would require 
to be repeated at intervals in order to maintain a condition of complete 
resistance. 

The human population in inter-epidemic periods probably consists for the 
most part of individuals resembling the recovered ferret with waning immunity 
rather than the normal fully susceptible animal—individuals, that is, with a 
basic immunity represented by virus-neutralizing antibodies in the circulation. 
We have been unable to obtain more than two samples of human serum 
totally devoid of such antibodies ; however, it must be remembered that most 
of the sera here referred to were obtained within a few months of the 1933 
epidemic. The fact that the basic immunity of the recovered ferret can be 
reinforced to a degree which renders the animal non-susceptible to experi- 
mental infection gives hope that similar procedures applied to man at the 
right time may play a crucial part in the control of anepidemic. The vaccines 
of living or formalin-inactivated virus, associated with ferret tissue, used in 
our experimental work are obviously not well suited for human use and it 
remains to be seen whether killed virus freed from much of the objectionable 
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foreign protein will provide sufficient antigenic stimulus to make possible its 
practical application. 

The usual test for active immunity which we have employed entails flooding 
the nasal mucosa with fluid containing thousands of infective doses of virus. 
Considerations of space and economy have prevented the use of contact 
infection although this would obviously be a fairer method. We do not know 
whether the subcutaneously vaccinated ferrets would have resisted infection 
by this more natural way, for we are still ignorant as to whether the immunity 
produced by vaccination differs qualitatively or only quantitatively from that 
which follows an attack of the disease. It is possible that a local immunity in 
the sense of an altered reactivity of the nasal mucosa to virus stimulation may 
be a factor in the state of complete resistance, but attempts to produce such 
local immunity, by giving formolized virus intranasally after a course of sub- 
cutaneous inoculations, completely failed (Experiment 4, Table II). However 
that may be, the fact that artificially immunized animals, both ferrets and 
mice, possessed increased resistance to the attack of virus on the lungs is 
significant. The chief danger in human influenza lies not in the effect of the 
virus on the nasal mucosa but in the tendency to lung involvement and if 
the presence of circulating antibodies is a check upon such pulmonary involve- 
ment it is possible that their production in man by vaccine inoculations would 
have some influence upon the mortality-rate of an epidemic even if it had no 
influence upon the morbidity. 

We do not know, as yet, whether the immunity level in man falls steadily 
after an epidemic until none remains or whether it is stimulated from time to 
time by small non-infective doses of virus. 

Although the two human strains used in this work seem to be immuno- 
logically identical, the difference between them and the swine virus would 
lead us to suspect that similar differences may be found among human strains 
isolated in the future. Should this prove to be the case the problem of immuni- 
zation will become correspondingly more difficult. 


SUMMARY AND CONCLUSIONS. 


1. Ferrets after recovery from infection with influenza virus are completely 
resistant to reinfection for at least 3 months ; thereafter the immunity slowly 
wanes. 

2. Ferrets with waning immunity still have significant amounts of virus- 
neutralizing antibodies, but in spite of the presence of these the nasal mucosa 
is susceptible to attack by virus. 

3. The waning immunity can be reinforced by subcutaneous inoculations 
of living virus so that once more the ferret becomes completely resistant. 

4. Subcutaneous inoculations of living or formolized virus produce in ferrets 
a partial immunity, characterized by the development of virus-neutralizing 
antibodies in the circulation and by an increased resistance of the lungs 
against virus attack. Similar immunization of mice with living virus has 
also a beneficial effect upon the extent and course of the disease. 

5. The swine strain of virus (Shope, 1931) is immunologically related to, 
but not identical with the two human strains studied. 
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SomE time ago, in an effort to determine the pathway of excretion of 
irradiated ergosterol, large doses of this material were given by mouth to 


dogs with biliary fistule. In these animals the hypercalcemia and other 
effects which result from overdosage in normal animals were totally absent. 
These observations, which were reported in a preliminary communication 
(Taylor, Weld and Sykes, 1932), led us to suspect some relationship between 
the bile and the utilization of irradiated ergosterol. 

In their biliary fistule animals Wisner and Whipple (1922) had observed 
that in dogs the exclusion of bile from the intestinal tract caused osteoporosis, 
particularly noticeable in the ribs, skull and flat bones. Buchbinder and 
Kern (1927) reported low serum calcium values and subnormal growth of 
dogs in which the common bile-duct had been ligated. The serum calcium 
was restored to normal, and normal growth was resumed when the communi- 
cation between the bile-passages and the intestinal lumen became re-established. 
They believed that the cause of the animal’s failure to grow lay primarily in 
the skeleton. Greaves and Schmidt (1932) have shown that dogs with biliary 
fistulee come into negative calcium and phosphorus balance, but can be restored 
to a positive balance by subcutaneous administration of viosterol. 

The disturbed mineral metabolism observed by the workers cited above 
might be explained in one of three ways: (1) The bile might exert a direct 
action on the mineral metabolism, and by its exclusion from the intestinal 
tract calcium and phosphorus might not be utilized, (2) the effect might be 
due to the loss of vitamin D in the bile, or (3) to the failure of the vitamin to 
be absorbed in the latter’s absence. 

The first alternative is improbable, nor is there any evidence to suggest a 
direct relation between bile and the utilization of calcium and phosphorus. 
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On the other hand, the fact that Greaves and Schmidt were able to restore 
positive balances in their dogs by subcutaneous injection of viosterol indicated 
the probability of one or other of the last two explanations. Again, the 
association of vitamin D with the animal fats and the importance of bile in 
the absorption of fat suggest that bile is necessary for the absorption of the 
vitamin.* 


EXPERIMENTAL PROCEDURE. 


In order to determine the effect of bile on the absorption of irradiated 
ergosterol, the vitamin was given to dogs prepared and treated after the 
following fashion : The common bile-duct was tied off at its point of entrance 
into the duodenum and a cannula inserted proximal to the ligature. A rubber 
tube was attached to the cannula and brought to the exterior through a stab 
wound in the side. The cystic duct was also ligated after expressing the bile 
from the gall-bladder. The bile was collected in a rubber bag attached to the 
rubber tube, the bag being held in position along the animal’s side by means 
of a metal shield held in position by a jacket. The daily dose of irradiated 
ergosterol given to these animals was 0-4 c.c. of 10,000 X per kg. This 
represents 400,000 International vitamin D units per kg. One series of dogs 
was given the irradiated ergosterol by mouth, to a second series the dose 
was given intravenously, while to a third it was given with 50 c.c. of bile by 
stomach-tube. Two other dogs were given the sterol by mouth with 40 c.c. 
of a bile-salt mixture made up as follows : 1-5 p.c. sodium taurocholate, 1-0 p.c. 
glycocholate and 1-0 p.c. sodium bicarbonate. 

Serum-calcium determinations were made daily during the course of each 
experiment. The method used was the Clark-Collip (1925) modification of 
the Kramer-Tisdall method. 


ROLE OF BILE IN PROMOTING ABSORPTION OF IRRADIATED ERGOSTEROL. 


In normal dogs the administration of the sterol in excessive amounts by 
mouth or intravenously produces a rapid rise in the serum calcium, starting 
within 48 hours or so and reaching a maximum. in from 4 to 6 days. Death 
usually occurs shortly after. Depression, loss of appetite, vomiting and 
diarrhoea are characteristic features of the overdosage condition. Striking 
gastro-intestinal changes and hemorrhagic congestion of the lungs and liver, 
as described by Taylor, Weld, Branion and Kay (1931), are found upon post- 
mortem examination. : 

Irradiated ergosterol given by mouth to the bile fistula animals caused 
no rise in the serum calcium, although the amounts used were four times 
greater than those which have been shown to cause hypercalcemia in normal 
dogs (Taylor, Weld, Branion and Kay, 1931). Post-mortem examination 
revealed none of the changes so characteristic of overdosage with this vitamin 
in intact animals. 


* Schoenheimer (1931) has shown that non-irradiated ergosterol is not absorbed from the 
intestinal tract. 
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On the other hand, irradiated ergosterol given intravenously to the animals 
in which the bile was draining to the exterior caused a response in every way 
comparable to the overdosage effects seen in normal animals. A prompt rise 
in the serum calcium occurred, apathy, vomiting and diarrhoea accompanied 
the hypercalcemia, and the usual post-mortem picture was found. Represen- 
tative serum calcium curves of a normal dog and of three bile-fistula dogs 
are shown in Fig. 1. In all, ten bile-fistula dogs have been used in this series. 

The obvious conclusions to be drawn from the above observations are 
that, as a result of the exclusion of bile from the intestine, irradiated ergosterol 
is not absorbed. Accordingly, after a period of ergosterol administration by 
mouth, during which time no rise in the serum calcium was observed, 50 c.c. 
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of bile from normal dogs, together with ergosterol, were given daily by stomach- 
tube. A prompt rise in the serum calcium and the appearance of the usual 
overdosage symptoms resulted. The serum-calcium curves of the two dogs 
treated in this way are shown in Fig. 2. In a subsequent experiment it was 
found that the administration of ox bile was just as effective as dog bile in 
promoting absorption of the activated ergosterol. 

Two dogs with bile fistule which were receiving ergosterol by mouth were 
given the bile-salt solution instead of whole bile. Examination of the serum- 
calcium curves of these dogs (Fig. 3) will show that following the adminis- 
tration of the bile-salt mixture a marked hypercalcemia occurred, which 
suggests that this bile-salt mixture is as effective as whole bile in promoting 
the absorption of irradiated ergosterol. 

In the foregoing experiments the irradiated ergosterol had in every case 
been dissolved in corn oil, and the possibility arises that the failure of the 
animal to absorb the sterol was due to its loss with the unabsorbed oil. 
Accordingly an alcoholic solution of irradiated ergosterol was administered to 
a bile-fistula dog and to a normal dog, and the daily serum-calcium levels 
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determined. The sterol was obtained in solid (resinous) form,* the solutions 
were made up just before administration, using a minimal quantity of alcohol, 
and the dosage in terms of vitamin D units was the same as with the oil solutions. 
The serum calcium curves are given in Fig. 4, in which it will be seen that 
the alcoholic solution of irradiated ergosterol caused pronounced hypercal- 
cemia in the normal dog but failed to do so in the fistula dog. This further 
substantiates the conclusion that bile is necessary for the absorption of 
irradiated ergosterol. 
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VITAMIN D CONTENT OF THE BILE. 


Through the courtesy of the research laboratories of the Hospital for 
Sick Children in Toronto, a rough assay of the vitamin D content of these 
various biles was made possible. 

Fistula bile from dogs which had received large doses of irradiated ergosterol 
by mouth, from dogs which had received the sterol intravenously and from 
dogs which had received none of the vitamin, were so examined. For con- 
venience these biles are termed “ ergosterol-by-mouth-bile’’, ‘‘ intravenous- 
ergosterol-bile ’’ and “‘ normal bile ’’ respectively. 

The biles were first compared by the curative method, in which rachitic 
rats which had been fed a standard Steenbock rachitogenic diet were used. 
These were then fed the same diet containing the designated amount of bile 
over a ten-day period, after which the rats were killed and the amount of 
healing determined by the line test (McCollum, 1922). In the case of the 
10 c.c. and 50 c.c. amounts of bile it was necessary to evaporate the bile and 
add it to the food in the dry state. In the case of 0-1 c.c. amounts and less, 
the bile was diluted with water to allow more accurate pipetting. 


* This, as well as the oil solutions of irradiated ergosterol, was generously supplied by Mead 
Johnson & Company, Evansville, Indiana. 
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These results are shown in Table I, in which the line test record of each 
rat is shown. The two-plus reading lies in the most sensitive region of the 
curve relating vitamin D potency to healing of rickets, and this ++ reading 
is therefore usually taken as the basis of comparison. 


TABLE I. 
Type of bile. a so a Line test record of individual rats. 
Intravenous ergosterol ; 10-50 c.c. ie, is eats 9h: 1d a iy ee oe Me 
0-5-1-0 c.c. > +e ee te tt Ott O+Ft 
0°1-0-2 c.c. ; Se OR i aE ol ay ei 
0-005-0-05 c.c. ‘ ++ ++ + + = 19 —_ 
Ergosterol by mouth . . 10-50 c.c. R ++ 44+ 44+ 4+ #+¢ 
0-5-1°0 c.c. ‘ ++ % _ — ey 
0-01-0:1 e.c. 5 + — ++ ++ 
No ergosterol . ‘ ‘ 50 c.c. - +++ fe ie 
10 c.c. ; +++ 
1 c.c. ‘ Died. 


It will be seen from this table that the antirachitic potency of 0-5-1-0 c.c. 
intravenous-ergosterol-bile was about the same as that of 10 c.c. or more of 
the ergosterol-by-mouth-bile. This latter figure, too, probably represents the 
order of magnitude of the potency of normal bile. 


TABLE II. 
Type of bile. Pro any yt - Line test record of individual rats. 
Intravenous ergosterol . . 1-0 c.c. . ++ ++ ++ +4 5 
Mes... ++ Ot: +2. ++ + 
OR0cn, . ++ +t ++ + + 
0-25 c.c. : +} + + “. ig 






The antirachitic potency of the intravenous-ergosterol-bile was checked 
again, somewhat more closely, by the same method. The results are given in 
Table II, from which it may be seen that +-+ healing is obtained by 0-75- 
1:0 c.c. of the bile. This degree of healing should be obtained under these 
conditions by 0-025-0-03 ¢.c. average cod-liver oil, and it is evident therefore 
that only a negligible fraction of the units of vitamin D actually given to 
the animal appear in the bile. 

The ergosterol-by-mouth-bile and normal bile have been shown to have 
even less antirachitic activity, so little indeed as to be almost nil. In order 
to determine whether or not there was any difference between these two 
biles a preventive test was made. The rats were placed on a rachitogenic 
diet, to which 1-5 c.c. of the test bile was added over a period of 30 days. At 
the end of this time the animals were killed and evidence of rickets searched 
for by the X-ray, bone ash determination, and blood phosphorus. The 
results are given in Table IIT. 

It will be seen from these figures that neither ergosterol-by-mouth-bile nor 
normal bile in doses of 1-5 c.c. over the 30-day period prevented development 
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TaBLE III.—Vitamin D Assay ; Preventive Test. 


Each rat was fed 1-5 c.c. of the test bile over a 30-day period. This was the only 
antirachitic substance present. 


Type of bl wanker ot Avucamy Mot Avge aap, 
Ergosterol by mouth . ; - ll . 3808mg.pec. . 273pec. . Rickets. 
Normal . : i ‘ - 10 . 2-24mg.pc. . 22-9p.c. . Severe rickets. 


of rickets. That the rickets was much more severe with the normal bile 
is, however, evidence that somewhat more vitamin D was present in the 
ergosterol-by-mouth-bile than in the normal bile. 

One would conclude therefore from these three tables : 

(1) That normal bile contains very little antirachitic activity. 

(2) That feeding massive doses of concentrated vitamin D (to bile 
fistula dogs) results in only a minute increase in the antirachitic activity 
of the bile. 

(3) That the intravenous administration of massive doses of concen- 
trated vitamin D results in a considerable increase in the antirachitic 
activity of the bile. Nevertheless, only an insignificant fraction of the 
injected vitamin appears in the bile. 


THE ADMINISTRATION OF BILE WITH VITAMIN D TO RACHITIC FOWL. 


Several workers, for example, Hall and King (1931), and King, Hull and 
Hall (1933), have shown that a unit of vitamin D in the form of cod-liver oil 
is more effective in curing rickets in fowl than in the form of viosterol. It 
seemed possible that faulty absorption of the vitamin was responsible for its 
relative ineffectiveness in curing rickets in chickens, and that if so the fault 
might be corrected by administering the viosterol in combination with ox 
bile. The following experiments were undertaken in order to investigate 
this side of the problem. 

One hundred Barred Rock chicks* were placed upon the rachitogenic diet 
of King, Hull and Hall (1933), which gives a Ca: P ratio of 1:9: 1. These 
authors have shown that rickets produced in chicks by their diet is cured by 
addition to it of one drop daily of viosterol (100 X). After 5 weeks eight of 
the chicks were killed, and shown radiologically and by bone analysis to be 
definitely rachitic. The remainder were divided into five groups or pens, and 
the diet of each bird supplemented in the following manner :— 

Pen 1: 1 drop irradiated ergosterol (50 X) daily (18 birds). 

Pen 2: 1 drop irradiated ergosterol (50 X) daily in 2'c.c. ox bile 
(13 birds). 

Pen 3: 1 drop irradiated ergosterol (25 X) daily (20 birds). 

Pen 4: 1 drop irradiated ergosterol (25 X) daily in 2 c.c. ox bile 
(18 birds). 

Pen 5: 2 .c. ox bile daily (17 birds). 

The birds were kept in steel batteries and had access to the basal diet at 
all times, and the vitamin supplement was administered orally by pipette to 


* These birds were obtained from the Ontario Agricultural College, Guelph, through the kindness 
of Prof. W. R. Graham. 
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the individual birds. They were weighed at weekly intervals. After 10 
weeks of this treatment the experiment was terminated, and at this time it 
was observed that the birds of Pens 1 and 2 appeared to be normal and healthy 
and of proper weight, while those of Pen 5 were “ unthrifty ’, very much 
under-weight and most of them had crooked legs. Those of Pens 3 and 4 
seemed ‘thrifty ’’, healthy birds, but were not up to weight, and several birds 
with crooked legs were found in Pen 4. 

Two birds from each pen were subjected to radiological examination and 
bone ash determinations of femur and tibia were done, in order to ascertain 
more precisely the state of the rickets. These results are given in Table IV. 


TABLE IV. 


p.c. increase of bird 
weight during 
experiment. 


159 ’ 41-8 : Healed. 
153 : 41-0 . Moderate healing. 
120 : 42-9 . Definite healing. 
113 ‘ 40-4 ; ‘s ms 
: 64 ; 36-1 . Severe rickets. 
Before treatment 0 ; 40-6 


Bone ash (p.c. dry 
extracted weight). X-ray. 


9? 99 


They show little indication that the bile in any way influenced the degree 
of healing of the rickets produced by the administered vitamin D. 


SUMMARY. 


Massive doses of irradiated ergosterol in oil or in alcoholic solution when 
given by mouth fail to cause hypercalcemia in dogs with biliary fistule. 
Feeding of whole bile or an artificial bile-salt mixture with the sterol restores 
its hypercalcemic and toxic action. When given intravenously to fistula dogs, 
these doses of irradiated ergosterol exert their usual hypercalczemic and toxic 
effects. 

The antirachitic activity of bile from these biliary fistule animals has 
been found to be small, even after the administration of large doses of vitamin 
D to the animals. 

Bile has been given with small doses of irradiated ergosterol to rachitic 
chicks. 

It is concluded that : 

1. Bile is necessary for the absorption of irradiated ergosterol from 
the intestinal tract. 

2. Only a small fraction of orally administered or of intravenously 
injected vitamin D appears in the bile of dogs. 

3. Bile given to intact chicks does not enhance the antirachitic action 
of vitamin D. 


We wish to extend to Dr. C. H. Best our cordial thanks for the interest he 
has shown in these researches. 
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In a previous paper it was noted (Fildes and Knight, 1933) that a strain of 
B. botulinus could be grown under the same conditions as B. sporogenes, 1. e. 
that it not only required the addition of tryptophan to the medium, but also 
of the ‘‘ sporogenes vitamin ” (Knight and Fildes, 1933). 

Burrows (1932) had already claimed that tryptophan was necessary, but 
later (1933) he withdrew this opinion. In 1934, using seven different strains, 
he concluded that tryptophan, though a stimulant, was not an essential amino- 
acid, because growth could be obtained upon a deficient medium by adding 
cystine instead of tryptophan. He further remarked that the growth require- 
ments of B. botulinus differ from those of B. sporogenes, as determined by 
Knight and Fildes (1933), not only in the matter of tryptophan, but also in 
the necessity for “‘ any sort of ‘ vitamin’ ”’. 

The relation of B. botulinus to tryptophan and the “ sporogenes vitamin ” 
has therefore been studied more extensively. 

The procedure was to use a tryptophan- and vitamin-deficient medium, 
and to show that no growth took place upon it until not only tryptophan but 
also “‘ sporogenes vitamin ” were added. 


TECHNICAL DETAILS. 


1. The tryptophan and vitamin-deficient medium.—This was the same 
medium as was formerly used to show these effects, modified as experience 
indicated : 
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Sodium citrate cryst. ; j : : 3-0 g. 
KH,PO, ; ‘ ; R 7 ; 4-5 g. 
Water . ‘ : ; ‘ : . 500 c.c. 
N/1 NaOH .. : : : : oe 
Dissolve and add : 

l-cystine . , ; ; , : . 005g. 
l-tyrosine " ; ; : ; . 005g. 
dl-valine . . ; . 010g. 
Acid- -hydrolysed gelatine ‘ : ; . 50c.c. 


Dissolve ; dilute to 600 c.c.; adjust pH to 7-6; tube in 6 c.c. quantities 
and autoclave. 

When the tests were made each tube received : 
MgSO,7H,0 0-4 p.c. ‘ ‘ : : 0-1 c.c. 
(Tryptophan 0-2 p.c. ; ‘ ; : 3 a 
(Sporogenes vitamin ; : 2 ; ee 
N/1 NaOH .. ; ; 0-25 ,, 
Thioglycollic acid 1 P. c. in N/ 1 HCl . j 0-20 ,, 
Water to ; ; ; 10 i 


All ingredients were sterilized in the satin: 

The gelatine hydrolysate was made as formerly (Knight and Fildes, 1933), 
but when removing the acid the baryta was added to excess and allowed to 
stand overnight before filtering. Thus the hydrolysate did not contain that 
fraction which was insoluble in baryta solution. 

The sporogenes vitamin was a sample of moderate potency, prepared by 
Dr. A. M. Pappenheimer at the National Institute for Medical Research, from 
mare’s urine. The amount of solid added per tube was 0-0004 mg. 

All materials used, except NaOH and thioglycollic acid, were purified by 
recrystallization 3 to 5 times. 

2. The precautions noted in the previous paper, which are essential for the 
exclusion of the ubiquitous vitamin, were all carried out. 

3. The strains examined were obtained from the National Collection of 
Type Cultures, London, with the exception of one obtained from Prof. J. 
McIntosh. Of 18 cultures, only 12 would grow upon the medium required 
for the tests. 

The cultures tested were : 


McIntosh 83 
N.C.T.C. No. 750 
3805 }Type A. 
3812| 
3813 
3807 
3816, 19Pe B. 
4588) 
nce 
3817} Type C. 
3819) 
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McIntosh 83 was isolated from the Lochmaree epidemic. No. 3807 was obtained 
from Dr. Meyer, Chicago, and was isolated from Italian canned onions. It is 
probably the same culture as Strain 1 used by Burrows (1934). The other 
strains were all American. Strains received from Europe and South Africa 
would not grow under the necessary conditions for test, except McIntosh 83. 

The inoculum was either a washed and heated spore suspension or a growing 
liquid culture, as indicated in the protocols. In the former case the suspension 
was so diluted that it was no longer visible to the naked eye and 1 drop (approx. 
0-03 c.c.) used ; in the latter 1 drop of culture was used. 


EXPERIMENTS. 
Experiment 1: Showing the Necessity for Sporogenes Vitamin. 


Deficient medium plus additions as previously stated, except 
sporogenes vitamin. Volume 9°9 c.c. Inoculum washed spores from 
nutrient broth. 

Length of incubation. 


23 hours. 40 hours. 3 days. 
Medium -+ water . 750 ‘ 0 0 
+ sp. vit. +++ +++ 
+ water . 3812 ; 0 0 
+ sp. vit. +++ +++ 
+ water . 3813 $ 0 0 
+ sp. vit. +++ 44+ 
+ water . 3805 j 0 0 
+ sp. vit. +++ +++ 
+ water . 3806 ; 0 0 
+ sp. vit. +++ +++ +++ 
+ water . 83 - tr. tr. tr. 
+ sp. vit. +++ 44+ 44+ 
+ water . 3808 : try tr. tr. 
+ sp. vit. +++ +++ +4++ 


Tube No. Strain. 


1 
2 
3 
4 
5 
6 
7 
8 


At 40 hours 1 drop of tubes 11 and 13 were transferred to the same medium : 


22 hours. 47 hours. 
15  . Medium + water . From 11. tr. i tr. 
16 + sp. vit. -f----- , +++ 
17 + water . From 13 . tr. 3 tr. 
18 + sp. vit. alo} +. : +++ 


+ signs are roughly proportional to the opacity. tr. = trace. 


One further transfer from tubes 15 and 17 gave the same result. 
The five other strains all grew with, but not without sporogenes vitamin. 
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Experiment 2: Showing the Necessity for Tryptophan. 


Details as in Experiment 1, but sporogenes vitamin included in the 
medium in place of tryptophan, and inoculum 1 drop of a previous 


culture (containing tryptophan). 
Length of incubation. 


Tube No. Strain. i AR SNE a 
21 hours. 44 hours, 


Medium -+ water - 8817 ; tr. ; tr. 
+ tryptophan at ; +++ 


+ water . 3809 . + -+- j +4 
+ tryptophan ++ .) +++ 


+ water | ae dd ; Ee 
+ tryptophan +++ ; at. 


+ water . 3808 . a : +--+ 4 

+ tryptophan +++ .. +++ 

9 + water . 3819 : ++ v +44 
10 + tryptophan ++ ; eo oe 


ll + water . 4588 ‘ ae ; +++ 
12 + tryptophan + ‘ oo a 


At 44 hours subcultures (1 drop) were made from those tubes which 
contained no added tryptophan to similar tubes, and to tubes containing 


tryptophan. 
Tube No. Length of incubation. 


Tube No. of cuEEEEEEEEEEEinnaaimeet 
inoculum. 27 hours. 47 hours. 


13. . Medium + water ; 1 : 0 0 
14 + tryptophan ; +++ ; aa op 


15 + water 3 0 ‘ 0 
16 + tryptophan ss ose NP se 


17 + water s a 0 i 0 
18 + tryptophan +++ . +++ 


19 + water % . 0 ‘ 0 
20 + tryptophan +++ .° +++ 


21 + water ; ‘ tr. ‘ tr. 
22 + tryptophan tt a 


23 -+ water j ll ; 0 ‘ 0 
24 + tryptophan A oa 
At 47 hours subcultures were made from Tube 21: 


25 . Medium + water yi ee ‘ 0 . 0 
26 + tryptophan +4-+ . ++ 
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The six other strains gave similar results. 

When washed spores were used for these experiments the results were 
clear cut, but when growing cultures were used, the carry-over from the previous 
culture had to be diluted out by subculture. 


DISCUSSION. 


The only experimental detail requiring discussion is the trace of growth 
observed with McIntosh 83 and N.C.T.C. 3808 in the absence of added 
sporogenes vitamin. The difference between the growth in these tubes 
and in those containing sporogenes vitamin is most obviously explained by 
the constant presence of a trace of the activity under test, namely, the sporo- 
genes vitamin, in the tubes to which none had been added. These traces are 
sufficient in the case of these two strains to allow a feeble growth. We have 
already (Knight and Fildes, 1933) indicated that the source of these traces of 
the vitamin is the hydrolysed gelatine. Gelatine always contains sporogenes 
vitamin in concentrations sufficient to give full growth of B. sporogenes, but in 
most cases it is in an inactive form, which can only be activated by alkaline 
hydrolysis. Nevertheless, occasionally even an acid hydrolysate will contain 
sufficient of the active form to allow these trivial growths. 

These results therefore confirm the previous statement of Fildes and Knight 
(1933). Under the conditions of these experiments, growth of representative 
strains of B. botulinus did not occur in the absence either of “ sporogenes 
vitamin ’’ or of tryptophan. The absence of these two materials from the 


ingredients of an experiment cannot be proved by chemical means, because the 


effective concentrations are far too small. Their absence can only be proved 
by the fact that their addition will exert a marked biological effect, namely, in 
the case of the “ sporogenes vitamin ’’, growth of B. sporogenes or B. botulinus, 
or, in the case of tryptophan, growth of B. sporogenes and B. botulinus and a 
number of other organisms (Fildes and Knight, 1933). When growth is 
described as occurring in the absence of these two substances, it must be assumed 
that sufficient precautions have not been taken to exclude them from the 
experiments. 

Except in the matter of the ‘‘ sporogenes vitamin’, the conflicting con- 
clusions drawn by Burrows and ourselves are not easy to explain conclusively 
on the data available. His growths apparently without “ sporogenes yitamin ” 
are to be expected, since casein and all commercial natural amino-acids contain 
this substance in quantities adequate for growth. With regard to tryptophan, 
an explanation may be sought along the following lines: he found that com- 
mercial cystine functioned nearly, but not quite, as well as commercial 
tryptophan, and it may be recalled that our (Fildes and Knight, 1933) 
first indication of the effect of tryptophan upon the growth of B. sporogenes 
was due to a remarkable effect produced by a sample of glutathione, which 
effect was found to be due to tryptophan in it. Reference may also be made 
to Mueller’s (1935) finding that leucine may contain as much as 9-2 p.c. of 
. Methionine. In fact, our experience with natural amino-acids as substrates 
for bacterial growth experiments has led us to the conviction that the name 
attached to any commercial sample should be accepted merely as an indication 


21 
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of the chief component of a mixture, and even when a sample is in question 
which has been prepared to conform to the highest standards of chemical 
purity, it must not be assumed that other amino-acids are not present in 
quantities which may be significant in a biological sense. 

It is necessary to qualify statements about the growth requirements of 
bacteria with some reference to the nutritional ‘‘ state ’’ of the strains used. 
It is well known that strains of bacteria which have been “stabilized ’”’ upon 
a certain diet alter their nutritional requirements when transferred to another 
diet. For instance, B. typhosus stabilized on nutrient agar from man cannot 
grow without tryptophan and other amino-acids in the medium, but it can be 
trained and stabilized on ammonia and then will not require these additions 
(Fildes, Gladstone and Knight, 1933). 

The strains used in these present experiments were stabilized on “‘ cooked 
meat medium’”’. No attempt was made to train them to a simpler diet. If 
such attempts were made and were successful, it is possible that tryptophan 
at least would no longer be a necessary addition. 


CONCLUSIONS. 


Normal strains of B. botulinus require the presence of tryptophan and 
“ sporogenes vitamin ” in the nutrient medium before growth can take place. 


It is a pleasure for this Department to acknowledge the hospitality of the 
Council of the Middlesex Hospital Medical School, and of Prof. James McIntosh, 
the Director of this Institute. ; 
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Staphylococcus aureus has not been cultivated in media of known com- 
position. Hughes (1932) showed that an acid hydrolysate of casein (Mueller, 
1922) would not support growth of this organism, but that the addition of 
0-001 p.c. meat extract promoted heavy growth, although meat extract alone 
was inadequate at less than 0-5 p.c. Hughes chemically fractionated meat 
extract, and finally obtained a preparation of which 1 mg. added to 50 litres 
of casein hydrolysate medium (1 part per 50 million of medium) gave good 
growth. 

The present paper records the partial isolation from crude marmite of an 
essential growth factor required by Staphylococcus aureus, when growing 
aerobically in a basal medium consisting of acid hydrolysed gelatin plus trypto- 
phan, tyrosine, cystine and glucose. This work was begun independently of 
that of Hughes, when yeast preparations were being fractionated, which led 
to the detection and partial separation of the sporogenes growth factor (Knight 
and Fildes, 1933). With the same gelatin basal medium for Cl. sporogenes 
(anaerobic growth) and Staphylococcus aureus (aerobic growth), the activity of 
different yeast fractions did not run parallel. Large doses of the sporogenes 
factor failed to allow growth of Staphylococcus aureus, while small quantities of 
other yeast preparations did. Yeast, therefore, contained an essential staphy- 
lococcus factor in addition to the sporogenes factor. This staphylococcus 
factor, as separated in the present work, has certain chemical resemblances to 
Hughes’s factor, and the best preparation is even more active, if conclusions 
can be drawn from tests upon the different basal medium used. 


TECHNICAL DETAILS. 


The basal medium contained : 

. Sodium citrate cryst. . . : ‘ ‘ y . 300g. 
KH,PO, . ‘ ‘ ‘ ‘ , ; . . 4:50,, 
Cystine : ; ; , ; ‘ : ‘ . - 0-05,, 
Tyrosine. 0-05 ,, 
Gelatin acid- hydrolysate (Knight and Fildes, 1933) equi- 

valent to 7-5 g. of gelatin. 


Made up to 600 ml. with water, adjusted to ai 7-4, tubed in 6-0 ml. 
quantities and autoclaved. 
* Halley Stewart Research Fellow. 
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For the growth tests the following, autoclaved separately, were pooled and 


added per tube : 
MgSO,7H,O ‘ : ; . 0-1 ml. of 0-4 p.c. solution. 
Tryptophan : : ‘ . O-1 ml. of 0-2 ,, “8 


Glucose 0:5 ml. of 5-0 ,, 9 






Water was added to make a total volume of 10 ml. per tube, after the 
addition of the solutions of growth substance being tested. The latter were 
added in a bulk of 1-0 ml. as serial dilutions in distilled water. 

The inoculum was 1 drop (0-03 ml.) per tube of an emulsion prepared by 
taking a wire point of bacteria, from a 24-hour culture on a nutrient agar 
slope, emulsified in 4:0 ml. of water. The inoculum was pooled with the 
Mg-tryptophan-glucose solution to gain uniformity. The strain of Staphylo- 
coccus aureus used had been isolated from a case of cellulitis and had been 
maintained on nutrient agar. Tubes were incubated in a sloped position. 

Estimation of biological activity of preparations.—The routine method adopted 
for determining the distribution of active growth substance between the various 
fractions in the chemical separation was to compare their activities at a 
dilution equivalent to 1 p.c. solutions of the amount of marmite from which 
the fractions were originally derived, by titration in serial dilutions. This 
method was sufficiently accurate for determining the distribution of activities 
between the different fractions, at the present stage of purification. For the 
more exact determination of activity per unit weight of active fraction other 
methods would be required. - In the present paper this has not been attempted, 
and activities per unit weight of active fraction are calculated from titrations 


made as above (see Table IV). 


METHOD OF PREPARATION OF CRUDE CONCENTRATES. 


The following scheme gives a convenient method for the preparation of 
active concentrates of the “‘ staphylococcus growth factor ’’ from marmite. 
The various properties of the active substance, as found in the course of working 
out the methods for its separation, are recorded later. 


Notes on Method of Separation. 


Stage 1—2 kg. of marmite were stirred and heated in a steam bath with 
200 ml. of water to liquefy (pH was about 6). Three volumes of 99 p.c. ethyl 
alcohol were added with stirring, the whole chilled overnight and the super- 
natant liquid containing the active substance decanted. The precipitate was 
re-precipitated as before and the supernatant liquid pooled with that of the 
first precipitation. 

Stages 2 and 3: Butyl alcohol extraction and solution in anhydrous butyl and 
ethyl alcohols—The concentrated filtrate (aqueous solution) from the previous 
stage, of volume 400 ml. per kg. of marmite used, was adjusted to pH 9-10, 
and extracted by shaking with butyl alcohol. Extraction at pH 9 is easier, 
since there is less tendency for emulsification than at more acid pH, although 
the weakness of the basic group would permit extraction of aqueous marmite 
solutions at their normal pH (about pH 5-6). Six extractions with 200 ml. 
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TaBLE I.—Preparation of Crude Concentrates from Marmite. 


1. Concentrated aqueous solution of marmite (2 kg. + 200 ml. water) pH 6 precipitated by 
addition of 3 vols. 99 p.c. ethyl alcohol. 


Precipitate. 





Filtrate, 75 p.c. alcohol-soluble 


ActTIVE FRACTION 


2. Ethyl alcohol removed ; aqueous solu- 
tion adjusted to pH 9-10 and ex- 


tracted with butyl alcohol Aegean ager. 





Butyl] alcohol extract 


AcTIVE FRACTION 





3a. Water distilled off as aqueous butyl : 
alcohol, leaving anhydrous butyl ; tee yas oe pong 


alcohol solution, chilled and filtered alcohol. 





Anhydrous buty] alcohol solution 


AcTIVE FRACTION 


3b. Butyl] alcohol removed and solution in 


absolute ethyl alcohol Tnnclaliie in abee 


lute ethyl 
alcohol. 





Absolute ethyl alcohol solution 


AcTIVE FRACTION 
(about 80 g. = 4 p.c. marmite used) 


4. Precipitation with alcoholic mercuric 


chloride — — Mercuric chloride 


precipitate. 





Mercuric chloride filtrate 


Active Fraction 
(about 54 g. = 2°7 p.c. marmite used) 


portions of butyl alcohol removed the bulk of the active substance from the 
aqueous phase. More complete extraction is not worth the labour involved. 
The total butyl alcohol extract was distilled (from a water-bath at water- 
pump pressure) to remove the water in it, together with some butyl] alcohol, 
until about 400 ml. of anhydrous butyl alcohol per kg. of marmite used were 
left in the distilling flask. The butyl alcohol solution was chilled and the semi- 
crystalline precipitate removed. The latter was washed by boiling up with 
absolute ethyl alcohol, and the washings added to the anhydrous butyl alcohol 
solution. The active substance was in the anhydrous ethyl-butyl alcohol 
solution. This was distilled from a water-bath under reduced pressure to 
remove the butyl alcohol, more absolute ethyl alcohol being added to obtain 
finally a solution in absolute ethyl alcohol, volume about 400 ml. This was | 
chilled, and some solid, which deposited, was removed. 
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The dry weight of solid in this absolute ethyl alcohol solution corresponded 
to about 4 p.c. of the marmite used. Growth tests showed that the preparation 
had activity about equivalent to the original marmite. 

Stage 4: Precipitation with alcoholic mercuric chloride——The absolute ethyl 
alcohol solution of the active fraction of the previous stage, at concentration 
of about 400 ml. per kg. of marmite used, was precipitated with alcoholic 
mercuric chloride. About 150 ml. of alcoholic mercuric chloride, saturated at 
room temperature, were required per kg. of marmite. The alcoholic solution 
was well shaken to get thorough mixing and chilled. The precipitate was 
filtered off and washed twice by shaking up with absolute ethyl alcohol. 
Alcohol was removed from the pooled filtrates and washings by distillation. 
Mercury was removed from the filtrate by H,S. 

A routine test is given in Table IT as an example of the method by which the 
distribution of activity was estimated. The two fractions were diluted to 
concentrations equivalent to 1 p.c. solutions of the marmite from which they 
were derived. The dry weight of the active filtrate fraction corresponded to 
about 2-7 p.c. of the marmite used. 


TaB.E II.—Growth Activity of Alcoholic HgCl, Filtrate and Precipitate. 
Composition of medium. Growth (42 hours). 
Basal medium alone (control) . , ‘ ‘ : 

+ 1-000 ml. HgCl, filtrate . ‘ ~ +4+4++ 
4 0-200 »” 29 29 . ° ° ++ 

+ 0-040 ,, i : ! of 

+ 0-008 ,, - : ; ; tr. 

+ 1-000 ,, precipitate : ‘ tr. 

+ 0-200 ,, mA : ‘ tr. 

+ 0-040 ,, fi ; ; 0 

. + 0-008 ,, " : 0 


+ signs roughly proportional to amount of growth estimated by opacity. 
tr. = trace of growth, just visible to naked eye. 


1 
2 
3 
4 
5 
6 
7 
8 
9 


FURTHER CONCENTRATION OF ACTIVE SUBSTANCE. 


The distribution of the active substance between butyl alcohol and aqueous 
buffer solution, at a variety of pH, was studied by shaking out 25 ml. of buffer 
solution containing a known amount of active substance three times with 
equal volumes of butyl alcohol. The distribution of activity between the two 
phases at various pH indicated that the active substance was weakly basic, 
the pK of the basic group being between 2 and 3-5. 

Preliminary experiments showed that some purification of the active filtrate 
fraction from mercuric chloride precipitation could be effected by extraction 
from aqueous solution at pH 10, with butyl alcohol, and re-extracting from the 
butyl alcohol solution with normal sulphuric acid. A considerable amount of 
pigment was thus eliminated. The whole of the mercuric chloride filtrate 
from three batches, corresponding to 5-71 kg. of marmite, was treated in this 
way. The acid aqueous extract was neutralized with soda to pH 7, concen- 
trated, and sodium sulphate crystallized out. The sodium sulphate was re- 
crystallized till colourless, the mother liquors containing active substance being 
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pooled and further concentrated ; more sulphate was removed by addition of 
ethyl alcohol. Finally, the alcohol strength was brought up to about 85 p.c. 
in a total volume of about 500 ml. This was chilled, and some solid material 
which separated was removed. A portion of this solution was concentrated 
in an attempt to crystaliize out an active fraction, but only inert material 
was removed in this way, the active substance being the more soluble. 

The yield of the material L at this stage was equivalent to about 0-4 p.c. 
of the marmite used. 0-000308 mg. of L per 10 ml. of medium was the 
minimum activating dose (Table IV). 

Several methods were tried to get active crystalline or solid products from 
the preparation L, or to precipitate the active substance with base precipitants. 

1-ml. portions of an ethyl alcohol solution of preparation L, containing 
0-0385 g. dry matter per ml. (equivalent to 10 g. marmite), were treated with 
the following reagents, until no more precipitate formed : 

(a) Rufianic acid 1 p.c. 

(b) Palladous chloride (Gulland and Macrae, 1932). 
(c) Sat. alcoholic CdCl,. 

(d) Sat. alcoholic HgCl,. 

The precipitates were removed by centrifuging, after standing in the 
ice-chest overnight, and washed once with the appropriate solvent; the 
precipitants were removed from the respective precipitate and filtrate 
fractions. 

The distribution of activity between the fractions indicated that in all cases 
most of the activity was not precipitated under these conditions. Since the 
bulkier the precipitate, the more activity occurred in the precipitate fraction, 
it was concluded that this was due to adsorption. 

High vacuum distillation—It was found that the active fraction L could 
be distilled as free base, above 100° C., at about 0-001 mm. Hg pressure, 
giving an active distillate of a very viscous fluid mixed with solid, which was 
almost colourless, and leaving a dark residue of very low activity, thus effecting 
considerable purification. 

Preliminary distillations were done in a tube 20 cm. long x 1 cm. internal 
diameter, held vertically in an oil-bath. 1 ml. of alcoholic solution containing 
0-0385 g. of fraction L was evaporated in the bottom of this tube. 

Bath temperature 150° C. for four hours gave a ring of distillate just above 
the oil level. The tube was placed deeper in the bath and the ring of distillate 
re-distilled at 100° C. bath temperature. This gave an upper, more volatile 
ring of practically colourless oil, and a residual ring of white solid. The tube 
was cut between the three fractions : 

(1) Residue not volatile below 150° C. (bath temperature). 
(2) Less volatile distillate, distilling above 100° C. (bath temperature). 
(3) More volatile distillate, distilling up to 100° C. (bath temperature). 

The growth test showed that most of the activity was in the more volatile 
fraction ; the less volatile fraction was inactive, and there was still a little 
activity left in the residue. 

Larger quantities of the fraction L were distilled in a larger apparatus, 
with a distilling bulb leading into a condensing chamber. 9-625 g. of active 
material L were evaporated to dryness from ethyl alcohol with a little NH,OH 
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in the distilling bulb. With bath temperature 105° C. very little distillate 
appeared (0-3684 g.). It was found necessary to raise the temperature to 160° C. 
to get off the volatile portion, and then to re-distil the mixture of pale yellow, 
fluorescent oil, some of which collected in the receiver, and white solid mixed 
with oil which collected in the neck between distilling bulb and receiver. The 
total distillate up to 160° C. was fractionally re-distilled as indicated in Table IIT. 

In this way the following distillation fractions were obtained from 9-625 g. 
of fraction L : 


MF, 105° C. 0-3684 g. 
MF, 105° C. 1-2406 ,, i.e. total distillate was about 32-4 p.c. of 


MF, 105° C. 0-0600 ,, (approx.)* | fraction L. 
MF, 160°C. 1-4500 ,, 


For preliminary testing of the relative activities of the distillation fractions, 
aliquots of the different fractions were taken and made up to volume equivalent 
to 1 p.c. marmite. The fractions were tested in four groups : 

A. The two residues : MR, and MR,. 

B. The solid distilling above 105° C.: MF. 

c. MF; distilling at 105° C. (tested separately from Group D, because 
of the accident and possible contamination). 

D. The low boiling fractions MF, and MF,. 

The growth tests indicated that the low-boiling fractions contained the 
active substance, the activity of the fractions MF, + MF, + MF, tested 
together corresponding to nearly the whole of the activity of fraction L from 
which they were derived. The relative activities of the various fractions are 
best shown by a comparison of activities on a weight basis, as in Table IV. 


TABLE IV.—Growth Activities of Various Fractions. 


Weight of substance showing just visible 
Fractions tested. growth in mg. x 10-$ per 10 ml. 
of medium.f 


Marmite ' (16000) 
L ; < 308; >61-6 
MR, + MR, fi < 5200; >1040 
R <1160; >232 
MF, : <39:9; >80 
MF, + MF, <51-4; >103 
MF, @\ two different <58-4; >11-7 
16) concentrations { <39:9;. >8-0 
>5000 
>5000 
<1000; >200 
<7:76; >1-55 
* The weight of fraction MF, is only known approximately owing to an accident from which it 
was not all recovered. 0°06 g. was the weight of the recovered portion (the majority of it). 
+ <51-4 indicates growth was visible at that concentration (51°4 mg. x 10-6 per 10 ml. of medium). 
>10°3 indicates growth was not visible at 10°3 mg. x 10~® per 10 ml. of medium, i. e. at one-fifth 


the previous concentration. Therefore, minimum quantity for “just visible growth” was greater 
than the smaller quantity (>10°3) and less, but not one-fifth less, than the larger quantity (<51°4). 
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Low-boiling active distillate fractions from two distillations were pooled, 
and attempts made to obtain a sharper separation by further fractional dis- 
tillation. It was observed, on concentration of alcoholic solution of the low- 
boiling distillate fractions in order to transfer them to the distilling bulb, that 
they darkened. On redistillation of these low-boiling fractions there remained 
a dark brown residue, the distillate being as before a mixture of whitish 
solid and pale yellow viscous fluid. These could not be conveniently separated. 
The whole distillate was dissolved in water and extracted with chloroform. 
This removed about 14 p.c. of the distillate. The chloroform extracts, P,, P,, 
P, (Table IV), were relatively inactive, the aqueous phase P, containing the 
active substance. The chloroform-soluble material was dark brown. 

It is probable that the darkening of the low-boiling fractions MF, and MF,, 
and the residue left on redistilling them, was due to inactive substances coming 
over in the first distillation, or to decomposition products of inactive substances, 
since the activity of the fraction P,, after the chloroform extraction, accounted 
for most of the activity of the fraction from which it was prepared. 

The active fraction P, was a practically colourless, very viscous fluid which 
showed no tendency to crystallize in a freezing mixture of ice and salt. The 
minimum quantity of it showing visible growth under our conditions was about 
7°7 mg. X 10-® per 10 ml. of culture medium (Table IV). So far as the results 
of growth tests can be compared with those of Hughes (1932), using a different 
basal medium, the active fraction P, is more active than Hughes’s most active 
preparation. 

Chemical tests on the active fraction P,.—This preparation contained 5°64 
p.c. Kjeldahl nitrogen. The partition of the active substance between butyl 
alcohol and buffer solutions indicated a weakly basic group of pK 2 to 35. A 
sensitive glyoxylic acid test for indole derivations was negative. No colour 
was obtained with Ehrlich’s 4-dimethylaminobenzaldehyde reagent. The 
activity of an earlier preparation was not destroyed by nitrous acid. 

It was observed that the more active distillate fractions had a bright blue 
fluorescence in ultra-violet light, while relatively inactive fractions did not 
show this. An ultra-violet absorption spectrum of the active fraction P, 
showed an absorption band with a maximum at 263 my. Preliminary results 
on chloroplatinates separated from the fraction P, indicate, however, that this 
band is probably not associated with the active substance. 


COMPARISON WITH HUGHES'S FACTOR. 


The general properties of the active substance, as found in this work, agree 
with those described by Hughes for his substance. The activity of Hughes’s 
substance was destroyed by 40 minutes’ autoclaving at pH 9; but it was stable 
at pH 7, and there was only slight loss of activity at pH 5. We find the activity 
of marmite practically unaltered by 20 minutes’ autoclaving at 120° C. with 
4 p.c. baryta, or by 3 hours at 120° C. at pH 7. Autoclaving 20 minutes at 
120° C. with 25 p.c. baryta resulted in great destruction. Some destruction 
was also observed by 8 p.c. sulphuric acid at 130° C. for 3 hours. Except, 
therefore, for drastic alkaline and acid hydrolytic conditions, the substance is 
stable. It is soluble in water, ethyl alcohol, acetone (Hughes) and butyl 
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alcohol (Knight), and is not extracted from aqueous solution by ether, ethyl 
acetate or benzene. 

Hughes could only precipitate his substance with silver-baryta and phospho- 
tungstic acid. We obtained equivocal results with phosphotungstic acid ; 
sometimes the precipitate fraction was the more active, more usually the filtrate 
fraction. On one occasion activity was destroyed, probably by the baryta 
used to decompose the phosphotungstates. For these reasons this reagent 
was not used in the separation. With these exceptions, none of the more 
common base precipitants have been found to precipitate the active substance. 

Hughes lost the activity when he precipitated with platinic and gold 
chlorides, attributing this to adsorption on the sulphides when removing the 
metals. 

An alcoholic solution of active fraction P,, precipitated with chloroplatinic 
acid and tested for distribution of activity, showed that the precipitated 
chloroplatinate fraction was more active than the mother liquors. But the 
activity of the free base from the chloroplatinate was not so active per unit 
weight as expected, calculated from the concentration of material that this 
operation gave. The overall loss of activity may have been due to adsorption 
(cf. Hughes). 

This chloroplatinate precipitation is being further examined, since this is 
the first precipitant in our hands that gives a definitely more active precipitate. 


BIOLOGICAL ACTIVITY OF THE STAPHYLOCOCCUS GROWTH FACTOR. 


In order to test whether the active substance was generally essential for 
staphylococcus strains, a number of different cultures were selected as repre- 
senting staphylococci and allied micrococci, and examined, using the usual 
basal medium with and without the addition of growth substance. The 
sample of growth substance used was from a distillate fraction. None of the 
strains examined grew on the basal medium alone. Of the 15 cultures tested, 
10 grew when growth substance was added in an amount already found 
adequate for the cellulitis strain. These 10 cultures were all typical staphylo- 
cocci, and were : 

. aureus cellulitis (the routine strain). 

. aureus (Whitby) boil. 

. aureus (National Collection of Type Cultures. No. 3761). 
aureus Fleming 24 ; hemolytic. 

. albus (N.C.T.C. 3094) (“‘ aureus ’’) boil. 

. albus (N.C.T.C. 3256 Pasteur) (‘‘ aureus ’’). 

albus (N.C.T.C. 2669 Bundaburg) (“‘ aureus ”’). 

. albus (N.C.T.C. 1401) boil. 

. albus (N.C.T.C. 1400) post-operative suppurating wound. 

. albus (N.C.T.C. 422) conjunctiva. 

On the other hand, the remaining 5 cultures did not grow even after the 
addition of larger quantities of growth substance These, however, with the 
exception of strain ‘““ Wood 86”’, were colourless strains from the skin and 
saliva and Micrococcus uree. The failure of these to grow clearly depended 
upon the absence of some other nutrient factor than the staphylococcus growth 
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substance, and has no bearing upon the indispensability of this substance for 
the growth of staphylococci. ; 

Some of the 10 strains which grew on addition of growth substance to the 
basal medium were described as albus in the catalogue of the National Collection 
of Type Cultures. Actually 3 of the albus strains were yellow (marked 
“aureus” above) when grown on nutrient agar. Most of the cultures which 
grew on addition of growth factor have been derived from cases of disease. 

Haemolysin production and liquefaction of gelatin was also examined. Of 
the 10 strains of staphylococci which required the growth substance, 9 produced 
hemolysin (rabbit corpuscles) when grown in nutrient 0-8 p.c. agar and also 
liquefied gelatin, the exception being the conjunctival Staphylococcus albus 
(N.C.T.C. No. 422). 

The hemolysin producers which grew in the basal medium plus growth 
factor also produced hemolysin in this medium. 


EFFECT OF STAPHYLOCOCCUS FACTOR ON GROWTH OF B. ANTHRACIS. 


Using the same basal medium as for Staphylococcus aureus, the effect of 
the staphylococcus growth substance was tested on a very old laboratory strain 
of B. anthracis, with results illustrated in Table V. 


Taste V.—Effect of Staphylococcus Growth Factor on Growth of a Strain of 
B. anthracis. 
Growth. 


18 hours. 48 hours. 
Medium alone (control) . ‘ ' , ‘ . 0 ‘ tr. 
is + 1-000 ml. solution of staph. factor preparationL + . +++ 
" + 0°200 Ditto : + ~ +++ 
i + 0°040 - ‘ tr. ; ++ 
” + 0°008 9” . 0 . + 
Medium + 1-000 ml. solution of factor preparation 8,T . + . +++ 
+ 0°200 Ditto oo ie Ss ++ 
» + 0-040 _ le. eae 
re + 0°008 = R 0 : tr. 


Composition of medium. | 


The staphylococcus growth factor, in quantities the same as required for 
Staphylococcus aureus, therefore had a marked effect on this culture of B. 
anthracis. However, a trace of growth was obtained in the control tube in 
48 hours, even with an inoculum of washed spores, while growth never occurred 
in the control with Staphylococcus aureus. It therefore appeared that the need 
to be given the growth factor was less absolute with these anthrax spores than 
with Staphylococcus aureus. On serial subculture of the trace of growth 
occurring with anthrax into further tubes of the same basal medium without 
staphylococcus factor, very poor growth, not reaching the mass of growth in 
presence of staphylococcus factor, was at first obtained. Ultimately, fairly 
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good growth on the basal medium alone was obtained after about 10 sub- 
cultures. These organisms must be looked upon as “trained” organisms 
able to grow on the basal medium alone, probably because they have become 
able to synthesize the growth factor for themselves. 

This is in accord with findings in the training of other organisms to use 
simpler nutrients than those normally required. The essence of the training 
is that the organisms become able to synthesize for themselves substances 
which they ordinarily require to be given, since they cannot synthesize them in 
their normal state. Thus Bact. typhosum must be given tryptophan, which it 
cannot normally synthetize ; when trained to use ammonia as sole nitrogen 
source, it has become able to synthesize the tryptophan which is required for 
its growth because it is an essential constituent of its protoplasm (Fildes, 
Gladstone and Knight, 1933). 

Hughes (1932) has shown that B. coli, which could grow in acid hydro- 
lysed casein without his staphylococcus factor being added, synthesized this 
factor when growing in that medium. 

The conclusion is, therefore, that the staphylococcus growth factor is a 
highly important addition to the nutrients for this particular culture of B. 
anthracis for normal rapid growth. But that either the original spores used 
for inoculation may have been “‘ trained ” to some extent, or that B. anthracis 
is more easily trained than Staphylococcus aureus not to require the staphylo- 
coccus factor to be given. If an essential growth factor were synthesized 
by the organisms of a given culture only at a very slow rate, then a marked 
effect would be obtained on adding the substance, although some slow growth 
would take place without adding any. This may be occurring with the anthrax 
culture used. The effect of the staphylococcus growth factor on other anthrax 
cultures has not yet been tested. 

Deliberate attempts to train Staphylococcus aureus to synthesize its own 
growth factor have not yet been made. But by analogy with the training of 
other organisms to use simpler nutrients, whereby they develop wider synthetic 
ability, it may be supposed that this will be possible with Staphylococcus aureus 
also. 


Non-specificity of Growth Factors. 


Although the term “ staphylococcus factor ’’ is used for convenience until 
its.chemical constitution is known, it is clear that it is not specific to this 
organism, but is of more general importance, as shown by its effect on anthrax. 

The factor described as “‘ sporogenes vitamin ”’ (Knight and Fildes, 1933) 
equally is not essential only for Cl. sporogenes, but also for Cl. botulinum (Fildes, 
1935) and Cl. welchii (unpublished). Further, it has been shown that nutri- 
tionally simpler bacteria synthesize both factors, which may therefore be 
essential for their growth, although they are not dependent on finding the 
substances preformed. It would seem clear that these and other essential 
growth factors are not to be looked upon as factors necessary for the growth of 
special organisms in particular nutritional states, but are factors which play 
a part, either as an addition to the nutrient or as self-synthesized products, 
in the metabolism of many bacteria, if not of other forms of life. 
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SUMMARY. 


The existence of a substance essential for the growth of Staphylococcus 
aureus, first described by Hughes, has been confirmed. 

A new method for preparing very active concentrates from crude marmite 
is described. 

The substance is a weak base yielding relatively soluble compounds with 
most base’ precipitants. It can be distilled at a pressure of 0°001 mm. Hg, at 
temperatures above 105° C. 

Typical strains of Staphylococcus aureus can grow aerobically on a medium 
composed of acid-hydrolysed gelatin plus tryptophan, tyrosine, cystine and 
glucose, with the further addition of the essential growth substance only. 

The staphylococcus growth factor is also essential for the proper growth of a 
strain of B. anthracis. 


Thanks are due to the Marmite Food Extract Co., Ltd., for generous supplies 
of crude marmite ; to Dr. E. R. Holiday for determining ultra-violet absorp- 
tion spectra ; to Dr. G. P. Gladstone for bacteriological assistance. 

I have to thank Dr. Paul Fildes for active collaboration in this work up to 
the stage of demonstration of the staphylococcus growth factor in yeast, and 
since then for direction of the bacteriological side of this investigation. 
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It was shown previously (Knight and Fildes, 1933) that Cl. sporogenes 
could grow in a medium containing certain salts, thioglycollic acid, acid- 
hydrolysed gelatin, and tryptophan, provided that there was also present a 
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*““sporogenes vitamin’ obtained from various sources. Moreover, trypto- 
phan (Fildes and Knight, 1933) and the ‘“‘ sporogenes vitamin” were indis- 
pensable to growth. Work has now been continued to find which constituents 
of the hydrolysed gelatin are likewise indispensable. 

It cannot be stressed too much that unprecedented purity of organic 
nutrients and real cleanliness are of primary importance to these studies, in 
which no nutrient is considered to be indispensable until growth has consistently 
failed without it. On this basis, current methods of chemical fractionation 
and test are quite inadequate for sufficient purification of chemically related 
nutrients of natural origin (e. g. amino-acids). To demonstrate this we may 
introduce a rough calculation showing the micro-magnitudes with which 
bacterial experiment is concerned. Bacterial growth on synthetic media is 
rarely luxuriant, so that an average opacity is generally equivalent to No. 1 
on Brown’s scale, representing very roughly 1-5 mg. dry weight per 10 ml. of 
medium. Making generous assumptions that this dry weight is entirely 
protein and contains 2 p.c. of tryptophan, we find the requisite molarity for the 
above growth to be M/70,000. Such dilutions are known to be completely 
adequate for Bact. typhosum (M /50,000 with an appreciable effect at M/1,000,000, 
Fildes, Gladstone and Knight, 1933). We now find that M/100,000 arginine, 
phenylalanine and tryptophan are likewise adequate concentrations for Cl. 
sporogenes, and that even M /1,000,000 concentration allows considerable growth. 
Now, our standard amino-acid medium (see below) is approximately M/75 
with respect to total amino-N (the previous gelatin medium was roughly 
M /20 on a similar basis). It follows that a consistent contamination of less 
than 0-1 p.c. of each amino-acid used, or on the other hand, a single con- 
tamination of less than 1 p.c. of one of the amino-acids, may wholly alter the 
results, and that contaminations 1/10th of this magnitude will produce 
indeterminate readings. Mueller (1935) has shown that three commercial 
preparations of leucine contained an average of 5 p.c. of methionine as impurity ; 
again, Jones and Johns (1921) detected the insoluble amino-acid tyrosine even 
in mother liquors from crystallizing the very soluble glycine and serine, while 
Dakin (1920) regarded it as impossible to separate serine from oxyproline, 
and so on. Even the absence of the appropriate colour test for suspected 
impurities can give no final evidence of purity (except perhaps with the Pauly 
reaction), since the bacterial test has so extreme a sensitivity (cf. Fildes and 
Knight, 1933). 

This striking chemical difficulty can be met in two ways: (a) By reducing 
the experimental concentration of amino-acids in the growth test, and (b) 
by chemical synthesis of the amino-acids, whereby any contamination will 
be of a non-biological and presumably less important type. After trial 
the former alternative has been abandoned, and the experiments here 
described are based on the use, as far as possible at the moment, of synthetic 
amino-acids. 

Thereby we have found that hydrolysed gelatin in the medium can be 
replaced by suitably mixed amino-acids, 7. e. that the following liquid medium 
is adequate for growth of the organism : 
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Concentration in 
8: final medium. 


s-alanine* . O12 . M/1500t KH,PO, 4°5 g. 
s-valine . O15 . M/1500 MgSO, 7H,O 10 ml. 0°4 p.c. 
s-leucine . O17. M/1500 solution. 
s-glycine . 0-20 . 4M/1500 Asht 10 ml. 
l-proline . O15 . 2M/1500 Sporogenes vitamin§ 10 ml. 
s-serine . O14 . M/1500 Thioglycollic acid 20 ml. 1 p.c. 
s-aspartic acid . 0-18 . M/1500 solution in M HCl. 
s-methionine . 0-07 . M/4000 NaOH to pH 7-6. 
l-cystine . 0-06 . M/4000 Water to 1000 ml. 
s-phenylalanine . 0:08 . M/4000 
l-tyrosine . 005 . M/4000 
l-histidine HCl . 0:05 . ™©M/4000 
s-lysine 2 HCl . 009 . M/4000 
d-arginine HCl . 0:05 . M/4000 
l-tryptophan . 002 . M/10,000 
* The prefix s- denotes a substance of synthetic origin. 
+ Representing molarities of one only of the optical isomers of racemic mixtures. 


{ A neutralized HCl extract of incinerated hay, diluted in the proportion 1 kg. hay: 10 litres water. 
§ Nitrogen-free preparation from mare’s urine, from Dr. A. M. Pappenheimer, jun., of the National 


Institute for Medical Research. 





EXPERIMENTAL. 


Unless specifically mentioned, the technique was the same as used by 
Knight and Fildes (1933), and aimed to exclude all unknown substances. In 
particular, carry-over of organic nutrients with the inoculum was minimized 
through the use of a meagre inoculum from a well-washed spore suspension. 

The medium was usually made up as follows: A stock solution comprising 
the buffer and amino-acids (except tryptophan) was made up to 600 ml. at 
pH 7-6, tubed in 6 ml. lots and autoclaved. Separate aqueous solutions of 
ash, magnesium sulphate, M NaOH, “ sporogenes vitamin ”’, tryptophan, and 
thioglycollic acid in M HCl were also made up and autoclaved. Then, for 
experiment, the necessary quantities of the separate reagents were pooled 
with the inoculum, the pH adjusted with the requisite NaOH, and water 
added to bring the volume to 4 ml. per tube. 4-ml. lots were then added to 
the 6 ml. already present, and placed under anaerobic conditions without 
delay. When the effects of one or more constituents of the medium were 
under quantitative test, the volumes were made equal with water before the 
addition of the pooled reagents; the volume of the pooled addition was 
reduced in proportion. 

Incubation was carried out at 37° C. in a McIntosh and Fildes anaérobic 
jar, pumped out and filled with 10 p.c. CO, in hydrogen (Gladstone, Fildes and 
Richardson, 1935). Maximum growth occurred in 24 to 28 hours; later the 
opacity often became reduced through autolysis. Generally the cultures were 
not observed longer than 48 hours, except when failure to grow in the absence 
of a nutrient was being determined. Observation was then prolonged to 
5-7 days. The amount of growth was very roughly judged by opacity. We 





a. eee ae a ee, ee 


AMINO-ACIDS NECESSARY FOR THE GROWTH OF CL. SPOROGENES. 329 


were chiefly concerned, not with slight variations in the amount of growth, 
but with the determination of growth or no growth. We record that no 
growth occurred when the cultures remained crystal clear, and showed no 
opacity when illuminated against a dark background; by a “trace” we 
imply that under these conditions a faint bacterial swirl was detected. 

The synthetic amino-acids, with the exception of s-lysine dihydrochloride 
(Eck and Marvel, 1934), were commercial specimens. In general, the salts 
and natural amino-acids were also commercial, recrystallized 3 to 5 times from 
suitable solvents. 

The following protocol illustrates the method of experimentation adopted : 


Titration of d-Arginine, l-Histidine and s-Lysine as Nutrients. 

(a) Basal medium.—Buffer ; M/1500 s-alanine, s-valine, s-leucine, s-serine ; 
2M/1500 I-proline; 4M/1500 s-glycine; M/4000 s-methionine, s-phenyl- 
alanine, /-cystine and /-tyrosine. Volume 6 ml. (molarities are those in the 
final medium, 10 ml.). 

(b) Variable addition —M /200 d-arginine, I-histidine, and s-lysine in 5-fold 
dilutions ; 1 ml. of each dilution, alone and in combinations. Water to 9 ml. 

(c) Constant addition (in 1 ml. lots) ; water 2-55 ml., magnesium 1-7 ml., 
ash 1-7 ml., ‘‘ sporogenes vitamin ”’ 1-7 ml., /-tryptophan 1-7 ml., spores, M 
NaOH 4:25 ml., thioglycollic acid 3-4 ml. Total 17 ml. 


Tube. Arginine. Histidine. Lysine. bab aad 
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GENERAL CONSIDERATIONS. 


Our early attempts to evolve the present medium often led to baffling 
results. This appears to have been due to two chief causes: (a) Our initial 
neglect of the CO, requirements of bacteria growing on synthetic media ; (6) 
our use of glucose or lactate media containing the present amino-acids at much 
greater dilution. Even when this dilute medium had d-glutamic acid and /- 
oxyproline added (and at times, s-hydroxyglutamic acid—kindly supplied by 
Prof. C. R. Harington) an addendum of hydrolysed gelatin or marmite was 
essential for growth. It was found that the desirable components were 
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monoamino-monocarboxylic acids, but that growths became erratic as frac- 
tionation proceeded. The position was, however, clarified by the demon- 
stration (Stickland, 1934, 1935, a, b) that Cl. sporogenes confines itself for 
energy largely to an interaction between alanine, valine and leucine, and 
glycine, proline and oxyproline, a reaction which produces only one molecule 
of CO, from three molecules of the amino-acids. It is shown elsewhere that 
CO, is essential for growth, but that organisms on complex media can usually 
satisfy their needs in this direction (Gladstone, Fildes and Richardson, 1935). 
Apparently our fractionation had localized the energy sources, but had 
restricted the CO, supply so critically that variations in technique had an 
important influence on growth. A new amino-acid medium with more liberal 
quantities of the energy-yielding amino-acids in the proportions indicated by 
Stickland was quite adequate for growth with a little CO,, the addition of 
glucose or lactate being superfluous. 

The next step was to discover which of the amino-acids were indispensable, 
and we were soon faced with the problem of chemical purity outlined in the 
introduction. While this is not serious so far as it concerns the use of acces- 
sory nutrients (growth factors) which are chemically different from amino- 
acids (Hughes, 1932; Knight and Fildes, 1933; Knight, 1935), the only 
satisfactory and final solution in the case of amino-acids is the synthesis of 
all the components. One may, of course, obtain a general indication from 
the use of the purified natural amino-acids, and in this way discover which 
syntheses are most important, but deductions are often difficult to draw ; 
thus removal of one component from a medium containing natural amino- 
acids often leads to marked reduction of growth, but it is not possible to choose 
between the alternative views (a) that the amino-acid is desirable, possibly as 
an energy source, but not essential, and (b) that it is essential and present as 
an impurity in other constituents of the medium. It might even be said that 
the effect is due to removal of some useful contaminant in the amino-acid 
which is omitted. 

It is thus of first importance to studies of essential nitrogenous nutrition, 
either of bacteria or of animals, that ample supplies of synthetic amino-acids 
should become available. An advance in this direction, including studies with 
the optical isomers of the natural, active amino-acids, is clearly contemplated by 
Rose and co-workers in studying the nutrition of rats (Womack and Rose, 
1934; Cox and Berg, 1934), and we are pleased to observe a corresponding 
interest in the large-scale synthesis of lysine (Eck and Marvel, 1934). 

In our experiments with Cl. sporogenes, we have defined, with the use of 
as few natural amino-acids as possible, the approximate essential nutrition of 
the organism, and are now proceeding with the synthesis of some of the 
remaining amino-acids. 


THE DEMAND FOR VARIOUS AMINO-ACIDS IN GROWTH EXPERIMENTS. 


The basal medium already described does not represent the minimal 
nutritive requirements of Cl.. sporogenes. In fact, some of the amino-acids 
could readily be reduced a hundred times in concentration and still allow 
growth. Some of them again have little or no stimulating action on growth, 
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but, being of synthetic origin, have been retained solely to amplify the diet. 
Natural amino-acids (glutamic acid, oxyproline) have been omitted, when 
possible, to reduce the sources of error. 


s-Leucine, s-Valine and s-Alanine. 

These three amino-acids represent the oxidizable system in Stickland’s 
reaction. 

In growth tests it was found that alanine could be omitted without effect 
on growth when the molecular concentration was made up again with leucine 
or valine. On the other hand, when valine was replaced by an equivalent 
of alanine, growth was delayed and reduced in amount. When leucine was 
replaced by valine or alanine no growth occurred. It would therefore seem 
that, though each of these substances may be capable of supplying energy for 
growth, they are not mutually interchangeable in a growth experiment. 
Leucine occupies the position of an essential amino-acid, and valine also is of 
great importance, though possibly not essential. This importance of valine 
is not likely to be associated with its capacity for oxidation, because, according 
to Stickland, it is oxidized less easily than alanine. 


8s-Glycine, l-Proline, and 1-Oxyproline. 

These are the three amino-acids which, accordingly to Stickland, are reduced 
in the process of energy liberation. He found proline and oxyproline to be 
more rapidly reduced than glycine, but otherwise to be interchangeable. From 
his work, it might be concluded that any two of these amino-acids might be 
dispensed with, but that if glycine only were used the growth would be poorer 
because this amino-acid is less readily available as a participant in the reaction. 

In growth tests we found these conclusions justified. 

Slow and feeble growth could still take place in the presumed absence of 
all three amino-acids, and thus energy must be obtainable from another source. 
Stickland had already indicated that such sources might be serine and tyrosine. 
When glycine was the sole amino-acid, the growth was better, but still slow, 
while with proline or oxyproline it was quicker, though still poor. Mixtures 
of glycine and proline or glycine and oxyproline, or all three together, however, 
gave normal growth. Proline and oxyproline seemed to be entirely alternative. 
The effect produced by mixtures of proline and glycine could not be equalled 
by equivalent concentrations of either alone. No doubt the energy is more 
rapidly available when it can be derived from the action of two enzymes than 
from the action of one, and still more rapidly if three substrates are present. 
Nevertheless, it was decided to omit /-oxyproline as constituting an avoidable 
source of error, and to retain s-glycine and /-proline. 


d-Glutamic Acid, s-Aspartic Acid and s-Serine. 

It was found that glutamic and aspartic acids could be omitted from the 
medium without obviously diminishing the growth. Neither glutamic acid 
nor aspartic acid in Stickland’s work appeared to be important in energy 
production, but with the idea of retaining as mixed a diet of the synthetic 
amino-acids as possible, aspartic acid and serine were retained. 
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d-Arginine, l-Histidine and s-Lysine. 

These amino-acids are not associated, according to Stickland, with energy 
production. From a chemical point of view they are likely to be mutually con- 
taminated. We were fortunate to have a sample of synthetic lysine dihydro- 
chloride from Dr. C. 8. Marvel, but different supplies of natural arginine and 
histidine were clearly not homogeneous. We have worked with a sample of 
d-arginine from Dr. H. W. Dudley, and another from Mr. W. Lawson, prepared 
by the method of Brand and Sandberg (1932), as well as with commercial 
preparations. Our samples of histidine were all commercial. 

The behaviour of these amino-acids is shown in the protocol on p. 329. No 
growth occurred in the control mixture, but submaximal growth followed the 
addition of arginine alone, in dilutions from M/2000 to M/50,000. No growth 
resulted from the use of M/2000 s-lysine alone, and none (sometimes a trace) 
from histidine. On the other hand, better growth was observed when histidine 
and arginine, or, alternatively, lysine and arginine were added, these effects being 
more obvious when the concentration of arginine was reduced to M/20,000 (in 
other tests). It would appear that arginine is certainly an essential amino- 
acid for this strain of Cl. sporogenes, and that lysine and especially histidine 
take some part in the growth process. The sample of s-lysine must be taken 
as being free from other natural amino-acids, but it is not certain that the 
arginine or histidine were free. It is possible that the effect of arginine alone 
was due to the arginine and to lysin or histidine contained in it—that is, that 
one or both of these are also essential. 

In the absence of synthetic preparations of all of these amino-acids, it 
seems impossible to draw a more certain conclusion. 


I-T'yrosine and s-Phenylalanine. 


No growth occurred upon the complete amino-acid mixture containing 
phenylalanine, but not tyrosine, until tyrosine was added. Similarly, no 
growth occurred on a complete mixture containing tyrosine, but not phenyl- 
alanine, until this latter was added. Thus, both tyrosine and phenylalanine 
are essential amino-acids and are not mutually interchangeable. 

It is of interest that tyrosine is the limiting factor in‘the exhaustion of a 
nutrient broth medium made from Difco peptone and meat infusion. If Cl. 
sporogenes is allowed to grow for three days in this medium and the culture 
is then filtered and resterilized, no growth of Cl. sporogenes will occur in it 
until tyrosine, but no other amino-acid, is added. 


l-T'ryptophan. 

We (Fildes and Knight, 1933) have already shown that the presence of 
tryptophan in a nutrient medium is essential for the growth of Cl. sporogenes, 
and this has been repeatedly confirmed in experiments with amino-acid 
mixtures. 

s-Methionine and I|-Cystine. 

Although, on a number of occasions, indications have been obtained that 
methionine had an effect upon growth, it was not until we used synthetic 
leucine that this effect was constant (cf. Mueller, 1935). 
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In the presence of s-alanine, s-valine, s-leucine, s-glycine, l-proline, d- 
arginine, |-histidine, s-lysine, s-serine, l-cystine, l-tyrosine, s-phenylalanine and 
1-tryptophan, methionine gave growth in a concentration less than M/1,000,000, 
the controls without methionine being negative. 

Sometimes the controls which did not contain added methionine failed to 
show growth, even on microscopic examination after 4 days, whereas the tubes 
containing optimal concentrations of methionine always showed visible growth 
in 16 hours. On the other hand, sometimes very feeble growth and at other 
times quite satisfactory growth took place in the absence of added methionine, 
but never until the second day of incubation. 

In a similar series of amino-acids containing methionine instead of cystine, 
much the same results were obtained by adding cystine as by adding methio- 
nine. Sometimes very feeble growth occurred in the absence of cystine, but 
sometimes a considerable growth was observed, always, however, 24 hours or 
more later than in the controls containing cystine. Very slight growths 
occasionally occurred in 4 or 5 days in the absence both of cystine and of 
methionine. Thus, as in the case of the basic amino-acids, there is a strong 
probability that both cystine and methionine are indispensable for the growth 
of Cl. sporogenes, but in the absence of a complete series of synthetic amino- 
acids it is difficult to be certain whether the growths which occurred in the 
absence of an added amino-acid resulted from traces of it present in the other 
amino-acids, or took place in spite of its absence. 


DISCUSSION. 


The amino-acids which are indispensable for the growth of Cl. sporogenes 
include therefore : tryptophan, leucine, phenylalanine, tyrosine, arginine. 

We use the term “ indispensable’ to mean that no growth of the par- 
ticular strain we have used will take place in the absence of any one of them. 
We argue that the necessity for these amino-acids is due to the fact that they 
contain special chemical groupings which are required for the synthesis of the 
microbic protoplasm, but which cannot be synthesized by the bacteria them- 
selves. The possibility is not, however, excluded that these amino-acids may 
not be “indispensable” for the growth of other strains of Cl. sporogenes. 
As we have shown in the case of typhoid (Fildes, Gladstone and Knight, 1933), 
organisms which have become stabilized in nutritional requirements on a 
particular diet (nutrient agar) may afterwards be trained to synthesize their 
‘‘ indispensable ”’ amino-acids for themselves, and then be satisfied with a 
much simpler diet (ammonium chloride). Similarly, it is possible that our 
strain, now stabilized on coaguiated meat medium, might be trained to syn- 
thesize these amino-acids from simpler nutrients.. The indispensability of 
certain nutrients must therefore be looked upon as a relative term. 

In addition to the amino-acids which have been shown to be.indispensable, 
the following are highly necessary for adequate growth, but have not been 
proved to be indispensable : Valine, histidine, cystine, methionine. 

It is interesting to note that these amino-acids are almost the same as those 
involved in animal nutrition. Mitchell and Hamilton (1929) reviewed this 
matter in detail. They accepted the indispensability of tryptophan, cystine, 





334 P. FILDES AND G. M. RICHARDSON. 


tyrosine and lysine; with regard to arginine and histidine, it appeared that 
both were considered indispensable by some, while others held that they were 
mutually interchangeable. Similarly, it was. generally, but not universally, 
thought that phenylalanine could replace tyrosine. Methionine is of too recent 
date to come into the comparison. In distinction from animal nutrition, we 
have not found evidence that lysine is essential or even very important ; 
arginine and histidine are not interchangeable, the former being essential and 
the latter possibly ; neither are tyrosine and phenylalanine interchangeable ; 
they are both essential. Leucine, shown to be essential by us, is not generally 
implicated in this relation in animal nutrition. 

Rose and his collaborators, who have been studying the nutritional require- 
ments of animals by methods analogous to those adopted in the present work, 
have lately shown (Womack and Rose, 1934) for the first time that phenyl- 
alanine is ‘an indispensable dietary component ” which cannot be replaced 
by tyrosine. They found no evidence that tyrosine was also indispensable, 
but noted that this fact, did not prove it to be dispensable. 

It is possible that, in the future, comparisons between the nutritive require- 
ments of bacteria on the one hand, and of animals on the other, may become 
commonplace, and this opportunity may be taken to point out certain diffe- 
rences in the criteria of indispensability adopted by the two classes of workers. 
A worker in animal nutrition takes as his positive result a 2- or 3-fold increase 
in the weight of a single individual ; a worker in bacterial nutrition, however, 
is dealing with a successful propagation through generations, representing 
perhaps a several thousand-fold increase in the weight of the original experi- 
mental objects. A failure, therefore, to demonstrate in animal experiments 
the indispensability of tyrosine, for instance, may merely mean that this is an 
amino-acid required in only small quantities, and that there is enough in the 
diet or stored and available in the animal to permit these relatively minor 
increases in weight. Thus, it may be anticipated that conclusive evidence 
of the indispensability of a nutrient may be found to be more easy to obtain 
in bacterial experiments than in animal. 


CONCLUSIONS. 


1. Cl. sporogenes will grow in a medium containing various salts, “ sporo- 
genes vitamin ”’, thioglycollic acid and a number of amino-acids. 

2. Of these amino-acids, tryptophan, leucine, phenylalanine, tyrosine and 
arginine are indispensable, while histidine, cystine, methionine and valine are 
highly important and possibly indispensable. 

3. The conclusions of Stickland (1934) upon the sources of energy available 
for this organism are in agreement with growth experiments. 

4, The importance of the use of synthetic amino-acids in nutritional studies 
with bacteria is stressed. 


We have pleasure in acknowledging the assistance of Dr. C. S. Marvel, of 
Dr. H. W. Dudley, of Prof. C. R. Harington and of Mr. N. W. Pirie, all of whom 
supplied us with samples of synthetic and natural amino-acids. 
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In 1908 it was claimed by Nowak (1908) that Br. abortus could be isolated 
direct from the host more readily when the concentration of oxygen in the 
atmosphere was reduced. He adopted a method of growing his cultures in 
the same atmosphere as an aerobe (B. subtilis). A similar claim was made for 
the gonococcus by Wherry and Oliver (1916), Ruediger (1919), and Swartz 
and Davis (1920), and for the meningococcus by Cohen (Cohen and Markle, 
1916 ; Cohen, 1918). These organisms were regarded as being micro-aerophilic 
on first isolation, but this sensitivity to oxygen was thought to be rapidly lost, 
so that, after a few subcultures, they grew normally in air. Later it was found 
that the gonococcus (Chapin, 1918), the meningococcus (Cohen and Fleming, 
1918; Kohman, 1919) and Br. abortus (Huddleson, 1921; T. Smith, 1924, 
1926 ; McAlpine and Slanetz, 1928) grew quite as well when the accompanying ~ 
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culture of B. subtilis was replaced by 10 p.c. carbon dioxide in air, and it was 
claimed that the success of Nowak’s technique was due to the carbon dioxide 
given off by this organism. Many challenged these results (St. John, 1919 ; 
Cook and Stafford, 1921; Erickson and Albert, 1922; Torrey and Buckell, 
1922; Fitch, 1922), believing that the better growth found by others was due 
to a greater degree of moisture present in the closed system. In the case of 
Br. abortus its need of carbon dioxide for growth on first isolation was fully 
established by Wilson (1931). 

Attempts were now made to show that carbon dioxide had a more general 
importance, and not only for recently isolated organisms. In 1918 Wherry 
and Ervin had described complete absence of growth of a human tubercle 
bacillus when the carbon dioxide above the medium was absorbed with caustic 
soda. Since they used solid media, their results were open to criticism (Novy 
and Soule, 1925) in that absence of growth might be due to excessive drying 
of the medium by the strong soda. Rockwell and his associates in a series of 
papers (Rockwell and McKhann, 1921 ; Rockwell, 1921, 1923, 1924; Rockwell 
and Highberger, 1926, 1927) not only confirmed Wherry and Ervin’s results, 
but went on to demonstrate the need for carbon dioxide in the growth of many 
laboratory strains, including anaerobes. By showing that growth occurred 
normally in cultures incubated over concentrated sulphuric acid, they argued 
that growth could not have been prevented by desiccation of the medium. 
Rockwell’s work was confirmed and extended by Valley and Rettger (1927), 
who used agar-shake plate cultures incubated over calcium hydroxide in a 
current of CO,-free air. They described complete inhibition of growth of all 
organisms tested, numbering over a hundred. The organisms varied in the 
ease with which inhibition could be produced. Subsequent incubation in air 
containing CO, gave, in most cases, little or no growth. In a later paper 
(Valley, 1928) appeared a comprehensive review of the earlier literature. 

The work up till now had been carried out on a solid peptone agar medium. 
Walker (1932) used a liquid medium of known composition containing lactose, 
ammonium tartrate and ammonium phosphate for the growth of Bact. coli. 
When incubated in a current of CO,-free air no growth occurred in 24 hours. 
If aeration were now stopped, growth occurred normally in a few hours. He 
regarded the lag phase of bacterial growth as representing the time it takes 
the organism to manufacture enough carbon dioxide in its vicinity to allow 
growth to occur. In another paper (Winslow, Walker and Sutermeister, 
1932) it was shown that growth could not be prevented when the synthetic 
medium was replaced by peptone or broth containing lactose. There was, 
however, some delay in growth. 

In a study of the importance of a particular factor for growth it is necessary 
that all other factors should as far as possible be known. The early work 
deals with growth on a highly complex medium, in which the true environment 
of the organism cannot be determined with certainty. It seemed therefore 
desirable to extend the work with the same rigid technique as used by Walker. 
A number of organisms known to be capable of growing on a synthetic or 
simple medium have been selected, and the effect on growth of passing CO,-free 
air through cultures in these media has been compared with the effect of gassing 
control cultures with air containing 10 p.c. CO,, and with atmospheric air. ' 
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TECHNICAL DETAILS. 


Organisms Used. 


Bact. coli, National Collection of Type Cultures No. 86; Bact. typhosum, 
two strains, (2) Rawlings strain N.C.T.C. No. 160, and (6) a Rawlings strain 
trained to grow on a medium containing ammonia as the sole source of nitrogen 
(Fildes, Gladstone and Knight, 1933); Staph. aureus isolated from a case of 
cellulitis ; B. subtilis isolated by Dr. L. E. H. Whitby ; B. anthracis isolated 
from man ; Cl. sporogenes, N.C.T.C. No. 533; Cl. welchit, N.C.T.C. No. 274 ; 
C. diphtherie, N.C.T.C. No. 1521 (trained to grow on a simple medium) ; 
Ps. pyocyanea kindly sent by Prof. Kluyver. 


The Medium. 


The medium used varied with the organism. 

(a) Ammonium medium: This was used for growing Bact. coli, Ps. pyo- 
cyanea, and the trained strain of Bact. typhosum. The medium was as follows : 
KH,PO,, 4:5 g.; M NaOH, 26 ml.; (NH,), SO,, 1 g.; dissolved in 500 ml. 
distilled water (final pH 7-6), and autoclaved. For use, 1 ml. 5 p.c. glucose 
sterilized by filtration, and 0-2 ml. 0-4 p.c. MgSO,, 7H,O (autoclaved), were 
added to 10 ml. of this medium, and the volume made up to 20 ml. with 
distilled water. In many experiments, sodium lactate (1 ml. 5 p.c., from 
recrystallized zinc lactate) was used instead of glucose as the carbon source. 

(b) Amino-acid medium, used for growing Bact. typhosum (Rawlings strain), 
Cl. sporogenes, Staph. aureus, Cl. welchii and B. subtils resembled that used by 
Fildes and Richardson (1935) for the growth of Cl. sporogenes. It contained 
4-5 g. KH,PO,, 26 ml. M NaOH, and M/1500 s-alanine, s-valine, s-leucine, 
S-serine, s-aspartic acid, d-glutamic acid, 2M/1500 s-glycine, l-proline, 
l-oxyproline, M/4000 s-methionine, s-phenylalanine, /-cystine, /-tyrosine, 
l-arginine, /-histidine and /-lysine (s- refers to a synthetic amino-acid, and the 
molarities to molarity in the finished medium). These were made up in 600 ml. 
distilled water at pH 7-6 and autoclaved. To 12 ml. of this medium, 0-2 ml. 
0-2 p.c. tryptophan and 0-2 ml. 0-4 p.c. MgSO, 7H,O (both autoclaved) were 
added, and the volume made up to 20 ml. with distilled water. In most cases, 
1 ml. 5 p.c. glucose (filtered) or 1 ml. 5 p.c. sodium lactate (autoclaved) was 
added before making up to final bulk. 

In anaerobic experiments, thioglycollic acid (0-4 ml. 1 p.c. in M HCl + 
0-5 ml. M NaOH in 20 ml. medium) was added to produce a medium of low 
Eh. In addition, anaerobes received the necessary ‘“‘ sporogenes vitamin ”’ 
(Knight and Fildes, 1933). 

(c) Hydrolysed gelatin medium, used for growing Staph. aureus, B. anthracis 
and Bact. typhosum, consisted of the following: 3-0 g. sodium citrate, 4-5 g. 
KH,PO,, and 26 ml. M NaOH in 500 ml. distilled water, to which was then 
added 50 ml. hydrolysed gelatin, 0-05 g. J-cystine, and 0-05 g. /-tyrosine, 
The medium was made to 600 ml. (pH 7-6) and autoclaved. To 12-ml. lots, 
tryptophan, magnesium sulphate, glucose or lactate were added as above, 
with water to 20 ml. The gelatin was prepared by a modification (Fildes, 
1935) of the procedure of Knight and Fildes (1933). 
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(d) The medium used for growing C. diphtheria was modified from that of 
Braun and Hofmeier (1927), and consisted of 1:25 g. Na,SO,, 0-025 g. MgSO, 
7H,0, 1:0 g. KH,PO,, 2-25 g. s-aspartic acid, 0-0625 g. l-cystine, 2-5 g. sodium 
acetate, 22-5 ml. M NaOH, and water to 500 ml. (final pH 7-4). The medium 
was autoclaved and used in 20 ml. lots, to each of which 0:4 ml. 0-2 p.c. 
tryptophan and 0-5 ml. 5 p.c. glucose (filtered) were added. 


The Inoculum. 


In the case of the non-sporing organisms, except the trained strains of 
Bact. typhosum and C. diphtherie the inoculum was from a 24-hour culture on 
an agar slope. <A wire point of bac- 
terial culture was emulsified in 4 ml. 
of water and 2 drops (0-06 ml.) from 
a Pasteur pipette inoculated into 20 
ml. of medium. In the case of the 
two exceptions, the inoculum was 
from young cultures in synthetic 
media (2 drops into 20 ml. medium). 
The sporing organisms were inocu- 
lated from a suspension of their 
spores. 2 drops of a just visible 
spore suspension were inoculated into 
20 ml. of medium. 
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Culiure Tubes. 


The organisms were grown in 
special tubes, 6 in. by 1 in., through 
which gas could be passed. Fig. 1 
indicates the design of these. The 
two parts were sterilized separately 
by autoclaving. The medium (20 
ml.) was added sterile, inoculated, 
and the inlet tube placed in position, 
the seal between it and the neck 
being made air-tight with sterile tap 
grease. 


The CO,-absorbing Train. 


Aerobic experiments.—Air, purified from CO,, etc., by successive passage 
through two gas bubblers containing 5 p.c. NaOH, a 36 in. by 1 in. absorp- 
tion tube of packed “ Protosorb’’ and a bubbler of baryta (to test the 
efficiency of the train), was passed by means of a manifold distributor through 
the cultures, suction being applied from a water-pump. No rubber tubing was 
used, all connections being either fused or ground-glass joints. 

Anaerobic experiments.—To remove any oxygen that it might contain, 
nitrogen from a cylinder was passed over reduced copper gauze heated in an 





CARBON DIOXIDE ESSENTIAL FOR GROWTH OF BACTERIA. 339 


electric furnace. It was then passed through the CO,-absorbing train and 
finally through the cultures. To prevent ‘‘ backwash ”’ of air into the cultures, 
the gas was subsequently led through a liquid paraffin trap. 
In both cases the rate of flow of the gas through each culture could be kept 
equal by means of stopcocks attached to each arm of the manifold distributor. 
Incubation was carried out at 37°C. and the growth judged by opacity. 
The pH both before and after aeration was estimated colorimetrically. 


EXPERIMENTAL. 


Experiment 1 shows the effect of different atmospheric conditions on the 
growth of Bact. typbhosum. In these experiments no CO, was present at the 
beginning, except, the CO, produced by the organism. When this was not 
continually removed, growth occurred. Cultures prevented from growing by 
continual removal of CO, grew within 24 hours when subsequently gassed 
with air containing CO,. This was in accordance with the findings of Walker, 
and was contrary to those of Valley and Rettger. 

CO, was therefore necessary for the growth of Bact. typhosum growing 
under these conditions. In the same way it was shown that CO, was also 


EXPERIMENT 1.—The Effect of Different Atmospheric Conditions on the Growth 
of the Trained Strain of Bact. typhosum in the Ammonium Medium with 
Glucose as the Source of Carbon. 

Growth (days). 


Culture. pee eh iia a as ee 


% 4. 12. 

1. CO, blown out with CO,-free air, then sealed 

and incubated stagnant 5 aL 
2. As in 1, but with a tube of 40 p.c. “NaOH sus- 

pended above the medium . ; ‘ ++ 
3. As in 2, but continually agitated . , ; 0 
4, Continually aerated with CO,-free air. 0 
5. Continually aerated with air containing 10 p.c. 


CO, : : - ++ 


6. Continually aerated with atmospheric air - ++... 


In this and all other protocols: ++ = good growth; + = less than maximal; tr. = trace, 
just visible ; 0 = no growth. 

Notes.—In Tube 1 the culture was aerated for 1 hour, and then both inlet and outlet tubes were 
sealed by the blow-pipe without disconnection. For 2 and 3 a small conical flask was used, closed 
with a rubber stopper covered with tin-foil. Before use, the rubber was specially prepared by soaking 
it in vaseline in vacuo on the water-bath, to remove any CO, that it might contain. From its lower 
surface was suspended a small tube of 40 p.c. NaOH. The experiment was also repeated, using a 
wide-mouthed Drechsel bottle, to obviate the possibility that growth in tube 2 was due to CO, 
from the rubber. In the bottom of the bottle was placed the NaOH. The culture, contained in a 
small test-tube, was placed inside the bottle in such a way that the inlet tube for the preliminary 
gassing passed into it. After 1 hour’s aeration, both inlet and outlet tubes of the bottle were 
sealed without disconnection. Growth occurred as in 2. The agitation in 3 was carried out in 
a Warburg respiration apparatus. The pH of the medium was tested afterwards to control possible 
splashing over. of the soda into the culture. A control culture without the soda grew in 24 hours. 

In 1 and 2, after growth had occurred, the seal was broken and the air from the culture passed 
into baryta. An immediate precipitate was formed, showing that CO, was present. 
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necessary for the growth of Ps. pyocyanea and Bact. coli in this medium. 
Similar results were also obtained with both strains of typhoid in hydrolysed 
gelatin and amino-acid media. 

Staph. aureus would not grow on these simple media. It would, however, 
grow on the hydrolysed gelatin medium (Experiment 2) and on the amino-acid 
mixture, provided it was given the necessary growth factor (Knight,- 1935). 
The growth of Staph. aureus on this mixture could not be inhibited by CO,-free 
aeration, although it was in most cases considerably delayed. 8B. subtilis and 
B. anthracis behaved like Staph. aureus. 


EXPERIMENT 2.—Growth of Staph. aureus, B. subtilis and B. anthracis on the 
Hydrolysed Gelatin Medium, with Glucose as an Added Carbon Source. 


CO,-free Aerated with 
aeration. atmospheric air. 


Days ; . ; 1 2 ; 1 

Staph. aureus . : 0 “EL ‘ ee 
B. subtilis . . 0 ao ‘ aff 
B.anthracis . ; + + + ' +4 


The growth of C. diphtherie in Braun and Hofmeier’s medium with the 
addition of glucose and tryptophan was entirely inhibited when the culture 
was aerated with CO,-free air. 

Cl. sporogenes grew on the amino-acid mixture (Fildes and Richardson, 
1935), but only with added ‘“‘ sporogenes vitamin ”’ (Knight and Fildes, 1933). 
Experiment 3 shows the effect of absence of CO, on the growth of Cl. sporogenes. 
Clearly the organism was dependent for growth on significant CO, concentra- 
tions. Even in a stagnant tube of the above medium it did not always produce 
enough CO, to allow growth to occur. In a similar way it was also shown that 
Cl. welchii required CO, for growth. 


EXPERIMENT 3.—Growth of Cl. sporogenes on Amino-acids with “‘ Sporogenes 
Vitamin” and Thioglycollic Acid. 
Growth in 


Culture. 2 days. 
. (a) No added carbon source 0 
1. Gaseed with CO, free (and) (6) With lactate added =. 0 
free) nitrogen (c) With glucose added : 0 


Gassed with nitrogen + 10 p.c. CO, ; ‘ . ; 
Stagnant, in a McIntosh and Fildes anaerobic jar (hydrogen 
from cylinder), or in a sealed tube under CO,-free 


nitrogen. : . : , > : 
4, Asin 3, but with hydrogen containing 10 p.c. CO, 


* Methylene-blue added to control cultures remained reduced throughout, showing that absence 
of growth was not due to traces of oxygen. 

+ Media under 10 p.c. CO, contain at equilibrium at 37° approximately M/400 (CO, + H,CQ,). 
By calculation it can be shown that the effect of this will be to lower the pH of M/30 phosphate 
(pH 7:6) to about 6-9. This has had no deleterious effect on growth. 

t In 3, growth was prevented only with care to remove residual COQ). 
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The Effect of Peptone and. Broth on Growth in a CO,-free Atmosphere. 


Attempts were now made to confirm the observation of Winslow Walker, 
and Sutermeister (1932) that growth cannot be prevented if the synthetic 
medium is replaced by peptone or broth (Experiment 4). It will be seen that 
growth could not be prevented by CO,-free aeration in the presence of peptone 
or broth, and the same phenomenon was found in the case of Ps. pyocyanea. 


EXPERIMENT 4.—The Effect of CO,-free Aeration on Growth of Bact. typhosum 


in Complex Media. 
Aerated with atmo- 


CO,-free aeration. eGR : 
spheric air. 


Trained. Untrained. eR es 
> Acaaiiiias, Trained. Untrained. 


I, 
Menke k tae, ae es RS 1 
Peptone . : i ; Sa a go 4c ee ++ 
Nutrient broth. - t+ ice iain dn ++ 


The peptone used was a 1 p.c. bacto-peptone + 0-5 p.c. NaCl. Rarely, growth without CO, 
appeared on the first day. The broth was the usual meat extract-peptone medium of the laboratory. 


A 0:1 p.c. watery extract of marmite added to the ammonium medium 
was also used. On this medium, in the absence of CO,, growth of Bact. typhosum 
was very irregular. It seemed possible that on broth and peptone the organism 
could produce CO, at a greater rate than the rate of its removal by bubbling ; 
but in the marmite medium the balance between the production of CO, and 
its removal was more nearly adjusted. Small, possibly uncontrollable factors 
might easily upset this balance, and account for the irregular results obtained. 
These factors have not yet been fully investigated, but the rate of bubbling, 
the age of the inoculum and the reaction of the medium appeared to have 
some importance. In general, the younger the inoculum and the more optimal 
for growth the pH of the medium, the more likely was growth to occur. The 
results, however, were by no means clear cut, suggesting that other factors 
were involved. This is considered later. 

In the case of Bact. typhosum, since little or no CO, is formed by fermen- 
tation, any CO, produced is presumably largely due to respiration, 1.e. 
the atmospheric oxidation of a substrate. In order to find out whether broth 
and peptone allowed growth in a CO,-free atmosphere by stimulating the 
respiration of the organism, two experiments were designed to prevent or 
diminish respiration (a) by growing anaerobically, (b) by the use of a respiratory 
depressant, potassium cyanide (Experiments 5 and 6). 


EXPERIMENT 5.—The Effect of CO,-free (and O, free) Gassing on the Anaerobic 
Growth of Bact. typhosum in Broth, and in Peptone + Hydrolysed Gelatin. 


CO,-free nitrogen. 10 p.c. CO, in 
nitrogen. 


Days . ‘ ° ° : 1 2 , 1 
Broth . i 3 ‘ 0 o* ; +4 
Peptone 2 : i z 0 0* j ++ 


* Each tube grew well when subsequently gassed with nitrogen containing CO,. 
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EXPERIMENT 6.—The Use of KCN as a Respiratory Depressant. 
CO,-free aeration. Aeration with 
Ger atmospheric air. 
Days . : : : ; 1 2 ‘ 1 
Peptone alone : : : tr. “he : oe 
Peptone + KCN . . ; 0 0 whee 


KCN was added to the culture to make a final concentration of M/2000. Before passing through 
the cultures the air was led through M/2000 KCN in order that the concentration of KCN in the 
cultures should not be greatly diminished. 


These experiments suggest that in the case of Bact. typhosum the CO, is 
derived from atmospheric oxidation of a substrate, and that when the activity 
of this process is sufficiently reduced, the CO, can be removed by gassing 
sufficiently rapidly to prevent growth, in spite of the presence of peptone or 
broth. It may therefore be inferred that the effect of peptone or broth is to 
cause a greater production of CO, than takes place without them. 


Factors Affecting the Growth of Staphylococcus in CO,-free Air. 


It has been stated that the growth of Staph. aureus on both the hydrolysed 
gelatin and the amino-acid media could not be prevented by gassing with 
CO,-free air. As in the case of Bact. typhosum growing on a medium containing 
marmite, certain factors appeared to influence growth. One of these factors 
was the pH of the medium ; growth in CO,-free air was most constant at about 
pH 7-6, but tended to be less constant if the reaction was much removed from 


this. Another factor was the presence of the added source of carbon, i. e. 
glucose or lactate ; Staph. aureus could grow in the amino-acid medium without 
either of these sources of carbon, though growth was delayed till the second 
day. In a current of CO,-free air, growth was completely inhibited (Experi- 
ment 7). 


EXPERIMENT 7.—Growth of Staph. aureus in Amino-acid Medium: the Effect 
of Glucose and Lactate on Growth in a CO,-free Atmosphere. 


Aeration with 


CO,-free aeration. atmospheric air. 


Hours. ; : ; 18 24 45 ’ 18 24 45 

No added carbon source . 0 0 0 : 0 0 ++ 
Glucose added . : ; + ++ 44 =. ++ 44 44+ 
Lactate added . ‘ : 0 + 44 =, + 44+ +44 


It seems likely from this experiment that Staph. aureus requires CO, for 
growth, but that when lactate or glucose is present in the medium, CO, is 
produced at a rate greater than the rate of its removal by bubbling. 

We showed by repeating the experiment under anaerobic conditions 
(Experiment 8) that the source of carbon dioxide is probably the oxidation of 
the glucose or lactate in the course of respiration. In the absence of air, 
removal of CO, entirely prevents growth. There is thus a close analogy 
between the growth of staphylococcus in the hydrolysed gelatin medium and 
the growth of Bact. typhosum in peptone or broth in a CO,-free atmosphere. 
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EXPERIMENT 8.—Anaerobic Growth of Staph. aureus in the Hydrolysed Gelatin 
Medium containing Glucose. 


Gassed with 
CO,-free 
nitrogen. 

ee a, ee 


Days. ; ; 1 2 : 1 2 : 1 2 
Growth . F , . : + ++ . + +4 


* Growth in 24 hours when subsequently gassed with nitrogen containing 10 p.c. CO,. 


Gassed with 
nitrogen containing 
10 p.c. CO,. 


Stagnant 
incubation. 


Factors Affecting the Growth of Bact. typhosum in CO,-free Air. 


In attempting to explain inhibition of the growth of typhoid in a synthetic 
medium by CO,-free aeration, certain questions must be considered : 

(1) Can the prevention of growth be explained by a change in the pH as the 
result of gassing ?—A series of experiments has been carried out, using media 
of different reactions (Experiment 9). It is seen that when CO,-free air is 
passed through the culture, (a) the pH remains constant, and (b) growth is 
prevented, irrespective of the initial pH of the medium. The effect of CO, on 
growth therefore cannot be due to its effect on the reaction of the external 
medium. 


EXPERIMENT 9.—Growth of the Trained Strain of Bact. typhosum in the 
Ammonium Medium (Sodiwm Lactate as the Source of Carbon) at Different 
Reactions. 


Aerated with 
CO,-free air. Unaerated. 


Initial Growth (days). i Growth (days). 
—_—<"_——_ 


pH. — 


8-0 ‘ : : ‘ e 9- 


When the hydrolysed gelatin medium was used, a slight change in pH to the alkaline side (never 
more than 0-2 pH unit) was sometimes observed in CO,-free air. The high values obtained in the 
unaerated controls were presumably due to oxidation of the lactate to bicarbonate, as the result of 
growth. When lactate was replaced by glucose, the reaction became acid. 


(2) Will carbonate replace CO, ?—When CO, is bubbled into neutral or 
alkaline buffer solution, a proportion (depending on the partial pressure of 
CO,) is converted to HCO,’ or CO,” ions. Likewise, a solution of sodium 
bicarbonate contains CO, and H,CO, molecules in small proportion, as well 
as the expected ions. In either case the whole equilibrium involving CO,, 
H,CO,;, HCO,’, CO;”, Na*, H* and OH’ depends ultimately on the partial 
pressure of CO, in tne supernatant jas. If, then, the CO, in a continuous 
stream of atmospheric air is adequate for growth, should not the CO, in a 
bicarbonate solution also be adequate? If its effect is connected with the 
control of internal pH, exercised by means of its fat-solubility (Jacobs, 1920), 
then the free CO, of a bicarbonate solution might easily give this effect. 
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The technique is difficult, since with streaming gas both the final pH and 
the final bicarbonate concentration depend directly on the CO, content of the 
gas passing. If the gas is CO,-free, CO, is removed at a rate varying with the 
H,CO, concentration (which depends both on the pH and the NaHCO, concen- 
tration). As this occurs, more CO, is slowly formed from H,CO,, more H,CO, 
from HCO,’ and H* ions, more HCO,’ from CO,” and H* ions. So long as 
this continues the pH goes steadily alkaline until, theoretically at least, all 
HCO,’ and CO,” ions have been removed from the solution and the Na+ remains 
either as NaOH or Na,PO,. In studying the effect of bicarbonate therefore 
two chief difficulties arise : 

(a) The increase of pH during gassing: A preliminary experiment showed 
that by gassing a medium containing M/100 sodium bicarbonate, a change 
of pH of from 7-9 to nearly 9 occurred in 20 hours, though no further increase 
occurred in 3 days. Bact. typhosum will normally grow on the ammonium 
medium at a pH of 9:0, although poorly. The change in pH is thus not beyond 
the limit for growth. In Experiment 10, therefore, we have examined the 
effect of sodium bicarbonate on the growth of this organism under different 
conditions. In the unaerated series the alkaline pH developed is, as mentioned 
under Experiment 9, a possible result of oxidation of the lactate to bicarbonate ; 
by the use of 10 p.c. CO, in air (solubility at 38° = about M/400 as carbonic 
acid), this is prevented by the constant presence of H,CO;. Unfortunately, 
however, the main question has received no conclusive answer. Unaerated 
tubes showed no increase of growth over similar tubes without bicarbonate, 
and CO,-free aeration has rapidly swept out the bicarbonate (as can be argued 
from the correlation between initial bicarbonate concentration and final pH). 


EXxPERIMENT 10.—The Effect of CO,-free Aeration on (1) the Reaction of the 
Medium and (2) the Growth of the Trained Strain of Bact. typhosum in the 
Ammonium Medium containing Sodium Bicarbonate. 


Sodium lactate was added as the source of carbon and M/150 asparagine 
(pK’ 8°8) was added to increase slightly the buffering capacity,of the medium 
against alkaline drifts (higher asparagine concentrations were toxic). 
Co,-free aera- Aerated with air con- 
Concen- tion. Unaerated. taining 10% CO,. 
tration Initial Growth (days). Final Growth (days). Final Growth (days). 
of bicar- pH. _—_—_—_— pH. ——————m—. = DH. 
bonate. : . . . 5 : 2. 
M/100 . 7: O-. + 
M/200 . 7: ° oe + 
M/400 . . : ° + 
M/800 . , . . <i 
0 : ‘fe 5 ee Pa 


Readings over 8-5 are approximate only. 


e 


9-5 
9-0 
9-0 
9-0 
9-0 


(6) The second difficulty is, therefore, this disappearance of bicarbonate 
during the experiment. Obviously the medium must possess an adequate 
reserve of carbonate, though this cannot be achieved without developing 
serious alkalinity, except by using carbonates of weak bases (e.g. NH,OH, 
Mg(OH),). Of these two, ammonium bicarbonate is the weaker base, but is 
useless as a reserve, because of its solubility. High concentrations would lose 
CO, by CO,-free aeration in almost as short a time as low concentrations, since 
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the rate of removal varies as the concentration. On the other hand, loss from 
MgCO, is conveniently restricted by its low solubility, so that it represents a 
comparatively inexhaustible store. The usual equilibria between CO,, HCO,’, 
CO,”, etc., come into play as soon as MgCO, passes into solution, but here, 
however, the end-product of CO,-free aeration is Mg(OH), (or the basic phos- 
phate) instead of NaOH, and extreme pH values are avoided. When Experi- 
ment 10 was repeated, replacing sodium bicarbonate with a suspension of 
MgCO,, growth in the absence of CO, was never obtained. As expected, the 
pH increased from 7-7 to over 9-0. 

Thus, the concentration of CO, in these solutions has been insufficient to 
give the usual demonstrable effects. Yet the M/100 bicarbonate media would 
contain M /4000 carbonic acid (CO, + H,CO,)originally, whereas media aerated 
at 37° contain only about M/250,000 CO, + H,CO, (accepting a=0°52, and 
0035 p.c. CO, in air). Evidently, CO,-free gassing of the bicarbonate has 
removed CO, more rapidly than it can be formed (Brinkman, Margaria and 
Roughton, 1933). With MgCO, inhibition is also attributable to the final pH ; 
this is undesirable in its effects on growth, as well as in depressing the 
carbonic acid concentration and in permitting loss of NH,. It is interesting 
finally that Jacobs’ observations (1920) were not given by NaHCO, alone, 
and that bicarbonate itself was inadequate for growth of Br. abortus (Wilson, 
1931). 

(3) Can other weak acids replace CO, ?—If the CO, effect is due to the fat- 
solubility of CO, as a weak acid (pK’ about 6-2), it might be reproducible by 
other weak acids. Obtaining no effect with acetate (pK’ 4:7) we tried caproate 
(pK’ 4-7) as being the salt of a more fat-soluble acid, and tiglate (pK’ 5-2) as 
being a little nearer the acid strength of CO,. At M/100 concentration 
completely negative results were obtained, though this again may be due to 
insufficiency of the undissociated acid at the pH of test. 

(4) Is the age and size of the inoculum important *°—The age of the inoculum : 
Walker, Winslow, Huntington and Mooney (1934), using Bact. coli in peptone 
water, have demonstrated a rapid increase in CO,-production per cell at the 
end of the lag phase and before the log. phase starts. It was hoped that, if 
the organisms were inoculated at this stage, growth would occur in spite of 
bubbling with CO,-free air, owing to the increased CO, production by the 
organism. A 2-hour culture of the trained strain of Bact. typhosum in peptone- 
water was inoculated into the ammonium medium containing glucose. This was 
bubbled with CO,-free air. No growth was obtained. The probable explana- 
tion is that the increased respiratory rate of the organism in peptone dis- 
appeared rapidly when the organism was transferred to a synthetic medium. 
Further experiments, using inocula of 24 hours, 2, 3 and 4 days and 1 week, in 
all cases gave negative results. 

The age of the inoculum therefore has little importance when the medium 
is simple in composition ; the rate of removal is always greater than the rate 
of production. As has been stated, when marmite was added to the synthetic 
medium (when probably the rates of production and removal of CO, are nearly 
equal) the age of the inoculum may be important ; a young inoculum generally 
grew, whilst growth was usually prevented when an old (1 week) culture was 
used. 
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The size of the inoculum: Below a certain limit the size of the inoculum is 
unimportant. This limit has not been accurately defined, but above it, i.e. 
when about 2000 x 10° organisms from a young culture of Bact. typhosum were 
inoculated, growth occurred in spite of rapid CO,-free gassing. When a culture 
has been allowed to grow and then, while in the log. phase, gassed with CO,- 
free air, further growth was not prevented, but went on to a maximum. 
This confirms a similar observation made by Winslow, Walker and Sutermeister 
(1932). 

(5) Is the rate of gassing important *—Owing to slight changes in pressure, 
both when a filter pump was used and when the gas was from a cylinder, it was 
impossible to keep the rate of flow of the gas quite constant ; neither was it 
possible to ensure that, in successive experiments, the rate was exactly the 
same, although in any one experiment, by adjusting the stopcocks on the gas- 
distributor arms, the rate of bubbling in each tube could be made approximately 
equal. Such inequalities in the rate of gassing were unimportant in most 
cases. However rapid the rate of gassing, it was impossible to inhibit the 
growth of typhoid in peptone entirely, although slight irregularities in bubbling 
might have helped to account for occasional alterations in the time of appearance 
of growth. Again, bubbling had to be very slow (about 1 ml. in 10 seconds) 
in order to allow growth of typhoid in the ammonium, the amino-acid, and the 
hydrolysed gelatin media when subjected to CO,-free aeration. On the other 
hand, when marmite was added to these media, the rate of bubbling might be 
important. A very rapid rate of flow of gas often led to complete inhibition 
of growth, other conditions being kept as far as possible constant. It is quite 
likely that some of the irregularities of growth in this medium may be attributed 
to unavoidable inequalities of rate of flow of gas. 


DISCUSSION. 


When aerobic organisms not actively dividing are transferred to a fresh 
medium, no division takes place for a certain interval of time. This is the 
well-known lag phase. Respiration, however, proceeds steadily, oxidation of 
the substrates in the new medium taking place and CO, being produced. In 
time the CO, concentration within and about the organism is greater than in 
the rest of the medium. Assuming that CO, is necessary for division, an 
assumption which is well justified by the experimental results, the organism 
cannot divide until this concentration of CO, reaches a certain level. As 
suggested by Walker, we may regard the lag phase as the time taken for this 
to occur. The production of this concentration is determined by the rate of 
respiration of the organism, balanced by the rate of removal of CO,, which 
normally occurs by diffusion and chemical combination. Any condition 
which will affect either of these things will consequently affect growth. 

Gassing with CO,-free air will have a two-fold effect; it will increase 
respiration by the oxygen that it contains, but this will be more than counter- 
balanced by the rapid removal of CO, from the culture. On the other hand, 
we have preliminary evidence that the presence of peptone and broth in a 
medium does lead to a greater production of CO, by the culture. The rate of 
CO, production in these media is in excess of the rate of its removal by bubbling ; 
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growth therefore occurs. This effect of peptone on respiration may also 
explain the much shorter lag phase normally observed with cultures in peptone, 
compared with that found with cultures in synthetic media. Winslow, Walker 
and Sutermeister (1932) noted, in the case of Bact. coli, a difference of 6 hours 
in the lag phases of two such cultures. 

With regard to Staph. aureus, B. anthracis and B. subtilis, there is sufficient 
evidence to suggest that they require CO, for growth, and there is a distinct 
resemblance between the conditions for growth in hydrolysed gelatin and 
those for Bact. typhosum growing in peptone, broth, or the marmite medium. 
It is likely, therefore, either that these organisms on the hydrolysed gelatin 
medium can produce CO, at about the same rate as Bact. typhosum in peptone, 
or that bubbling is less effective in removing CO,. This is being investigated. 

The explanation of the relation of CO, to the growth of aerobes is applicable 
to anaerobic growth, where the CO, may be produced not only by oxidation of 
a substrate by hydrogen acceptors other than oxygen, but also by decarboxy- 
lation and fermentation reactions. We have no direct knowledge how much 
CO, is produced under our conditions of anaerobiosis before initiation of growth. 
On the other hand, several organisms in stagnant anaerobic peptone (originally 
CO,-free) were able to grow (and then produced CO, demonstrable by Ba (OH),). 
This suggests that the organisms produced sufficient CO, before division to 
allow division to occur thereafter. On the other hand, on an amino-acid 
medium Cl. sporogenes in particular did not produce sufficient CO, to allow 
growth even in a stagnant tube. 

Walker, Winslow and Mooney (1934), using a culture of Bact. coli in peptone 
water, obtained evidence of immediate CO, production and of bacterial multi- 
plication after 3 hours, when gassed with CO,-free nitrogen. The nitrogen 
used by them, however, was obtained direct from a cylinder without steps 
being taken to free it from contained oxygen. Their experiments therefore 
cannot be regarded as being anaerobic. 

Finally, although the present work supports the suggestion that the presence 
of CO, in a culture medium is a prerequisite to bacterial growth, we have no 
theory to put forward to explain this phenomenon. 


SUMMARY '’AND CONCLUSIONS. 


1. The effect of the continuous passage of CO,-free gases through cultures 
of Bact. typhosum, Bact. coli, Ps. pyocyanea, Staph. aureus, B. subtilis, B. 
anthracis, C. diphtherie, Cl. sporogenes and Cl. welchit has been investigated. 

2. Under some conditions this process entirely inhibited the growth of 
these bacteria, while under others it did not. Inhibited cultures were not dead. 

3. It is concluded that the inhibition was due to rapid removal of CO, 
from the liquid cultures, and that the failure to inhibit was due to the 
production of CO, by the organisms at a greater rate than that at which it 
could be removed by gassing. 

4. The CO, was probably produced by the bacteria themselves before 
growth, mainly by oxidation of a substrate. 

5. The presence of CO, in a medium was a prerequisite for the growth of 
all bacteria examined. 
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ABBREVIATIONS USED IN REFERENCES. 


‘The abbreviations given in the second edition of the ‘World List of 
Scientific Periodicals’ are now used in place of those given in the first edition. 
The chief difference is that adjectives are no longer given initial capitals 
in English. 





